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ABSTRACT 

Vitamin D has long been associated with a protective role against cancer.  Its therapeutic 

index in the prevention and treatment of cancer is restricted due to dose-limiting toxicity 

that is related to its role in calcium mobilization.  In order to identify new 

chemotherapeutic targets in the vitamin D pathway, we are studying its downstream 

effects.  We have identified two novel mechanisms whereby the vitamin D receptor 

(VDR) and its cognate ligand, 1,25(OH)2D3, may protect against aberrant gene regulation 

and cell cycling.  

 

Mouse mammary tumor cells and human colorectal cancer cells (CaCo2) were assayed 

for their response to 1,25(OH)2D3. VDR-null cells have less TCF-4 than cells with wild-

type VDR.  TCF-4, a member of the TCF/LEF family of transcriptional repressors, is 

trans-activated by β-catenin, a well-known oncogene.  CaCo2 cells responded strongly to 

1,25(OH)2D3 by increasing TCF-4 at the mRNA and protein levels.  This is likely 
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effected through a vitamin D-sensitive intermediary, as detailed analysis of putative 

VDREs did not support a direct mechanism.  VDR/1,25(OH)2D3-mediated up-regulation 

of TCF-4 also increases β-catenin activity on an exogenous reporter.  We propose a 

mechanism whereby this increase in TCF-4 may be protective in colorectal cancer that 

includes β-catenin/VDR pathway interactions as published in the literature along with our 

novel findings. 

 

In the process of using the mouse mammary tumor cells from VDR-null animals, we 

observed a lack of regulation of the classic vitamin D responsive gene, CYP24A1, which 

is involved in the metabolism of 1,25(OH)2D3 into inactive metabolites.  This gene is 

‘silenced’ by an epigenetic DNA methylation event, as treatment with a DNA 

methyltransferase inhibitor restored responsiveness.  In our studies, the proximal CpG 

island-containing promoter of CYP24A1, is not the target of this methylation event.  We 

propose that this is either due to an indirect methylation event, a methylation event in the 

distal promoter or enhancer regions of CYP24A1, or a result of dynamic methylation in 

this region that allows demethylation and re-expression of this gene. 

 

In this work, we identify a novel target of the vitamin D pathway that may shed light onto 

the mechanism whereby vitamin D prevents cancer.  We also generate a new hypothesis, 

as well as show evidence to reinforce previously identified, but poorly supported 

hypotheses in the field of epigenetics. 
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CHAPTER 1: INTRODUCTION 
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1-1. RATIONALE 

 

The realization that vitamin D plays an important role in the protection against cancer 

initiated in the early 1980’s when researchers made the observation that people who live 

in higher latitudes and in cities are at higher risk of developing numerous cancers 

including breast1-3, and prostate4 cancer.  The hypothesis born of these observations 

involved the concept that people in these locations are exposed to less ultraviolet B 

(UVB) radiation than their counterparts living in more southerly regions, and in the 

country, with fewer tall buildings to obscure the sun.  UVB irradiation (wavelength 290-

315 nM) 5 of the skin is the first step in the catabolism of 7-dehydrocholesterol into 

1α,25-dihydroxyvitamin D3 (1,25(OH)2D3), the most active metabolite of vitamin D.  

Since a majority of 1,25(OH)2D3 is derived from UVB radiation6,7, it stands to reason that 

people in the risk category are deficient in vitamin D metabolites, and perhaps this is the 

reason that they are predisposed to a variety of cancers.  Subsequent molecular, animal 

and epidemiologic studies have supported this hypothesis. 

 

The use of high-dose vitamin D as a chemopreventive agent is limited by its calcemic 

side effects.  The primary roll of vitamin D in the body is in maintaining calcium 

homeostasis.  Vitamin D promotes calcium mobilization from bone and uptake of 

calcium in the intestine.  Too much vitamin D can lead to a number of clinical illnesses 

related to an excess of mobilized calcium, including hypercalciuria and hypercalcemia, 
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which can be life threatening, if severe.  Thus, it is clear, that if vitamin D is to be 

harnessed for its anti-cancer effects, the associated calcemic effects must be avoided. 

 

This quest has led to two branches in researching the anti-cancer effects of vitamin D.  

One approach involves the trial-and-error approach of generating novel vitamin D 

analogs.  The vitamin D receptor (VDR), the protein through which it is believed 

1,25(OH)2D3 exerts its anti-cancer effects, has a relatively large ligand-binding pocket 

(LBP) in comparison to other members of the Nuclear Hormone Receptor (NHR) family.  

This lends some flexibility as to what can enter and bind as a ligand.  Many analogs that 

have slow rates of metabolism have been generated over the past 100 years, initially to 

treat rickets, osteomalacia and hyperparathyroidism.  More recently, analogs that have 

less-calcemic effects have become the focus of this branch of vitamin D research and 

over 3000 have been generated, many of whose stated goals have been achieved.  Their 

usefulness in the clinic, however, is still forthcoming. 

 

The second branch of vitamin D research that attempts to capitalize on its anti-cancer 

properties while avoiding the calcemic side-effects revolves around discovering the 

downstream targets of the vitamin D pathway.  This method has uncovered intersection 

of members of the vitamin D pathway with numerous other pathways involved in 

apoptosis, growth regulation, and differentiation.  While this direction has a more basic-

science approach, it lends itself to drug target discovery. 
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The vitamin D pathway is an attractive target since it is available in the diet and easily 

synthesized by the body.  Understanding its mechanism-of-action and how it initiates its 

anti-cancer effects through its interaction with the vitamin D receptor will surely be of 

immediate medical use not only as an anti-cancer agent, but also in many biological areas 

including diabetes, Crohn’s disease and alopecia. 

 

1-2. THE VITAMIN D PATHWAY 

 

1-2A. VITAMIN D METABOLISM 

It is estimated that more than 90% of 1,25(OH)2D3 begins its catabolism in the skin7.  7-

dehydrocholesterol is a cholesterol precursor that is present in the plasma membrane of 

the epidermis.  When the skin is exposed to UVB radiation, the B ring of 7-

dehydrocholesterol is broken at the 9,10 carbon-carbon bond, making previtamin D, 

which undergoes spontaneous rearrangement to cholecalciferol, a seco-steroid.  

Cholecalciferol, or vitamin D3, is sequentially hydroxylated, first in the liver by the 

mitochondrial enzyme CYP27A18 and then in the kidney by CYP27B1, at carbon 25 and 

carbon 1, respectively, to form the hormonally active form of vitamin D, 1α,25-

dihydroxyvitamin D3 (1,25(OH)2D3).  Both 1,25(OH)2D3 and 25(OH)D3 can be 

hydroxylated by CYP24A1 enzyme, which is produced by a wide range of vitamin D 

responsive cells.  These 24-hydroxylated metabolites are inactive and are considered a 

catabolic metabolite of vitamin D (Figure 1-1).   25(OH)D3 is the major circulating 
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metabolite of vitamin D and is present in the serum at a concentration of 10-80 ng/mL9.  

1,25(OH)2D3, on the other hand is present in much lower concentrations: 15-60 pg/mL9.   

Each of these metabolites is lipophilic and must be bound by Vitamin D Binding Protein 

(DBP) to be transported to target cells.   The affinity of 25(OH)D3 for DBP is in the 

nanomolar range, whereas the affinity of 1,25(OH)2D3 for DBP is in the micromolar 

range10-12. 

 

Biosynthesis of cholecalciferol from 7-dehydrocholesterol is not the only way to obtain 

usable forms of vitamin D.  Alternative sources of vitamin D are available in the diet both 

naturally and as a supplement.  Since the 1930’s the United States has been fortifying 

milk with vitamin D3 (100 IU per cup) in a successful effort to eradicate rickets, a major 

health concern at the time.  Other fortified foods include breakfast cereals and some 

brands of yogurt, margarine, butter, and, most recently, orange juice.  Natural (though 

insufficient) sources of vitamin D are also available through a diet that includes eggs, 

fatty fish, beef liver, and cheese.  Plants also make a form of vitamin D called ergosterol, 

which is similar to 7-dehydrocholesterol, with the exception of a 22,23 double bond, and 

a methyl group at carbon 24.  Ergosterol is converted to ergocalciferol, or vitamin D2 by 

UVB radiation and is metabolized in the same manner as Vitamin D3 with one exception: 

due to the methyl group at carbon-24, the catabolism of this form of vitamin D by 

CYP24A1 may be different, although, like vitamin D3 it can be hydroxylated at carbon 

24.  In fact, 24(OH)D2 is made more readily in mammals than 25(OH)D2 and may be a 
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major reason for the decrease in toxicity seen in animals given large doses of vitamin D2 

in comparison with those given the same dose of vitamin D3
13. 

The metabolic pathway described here allows the hormonally active form of vitamin D to 

exert its effects in an endocrine fashion and defects in this mechanism are the primary 

cause of vitamin D deficiency. However, it is important to note that 1,25(OH)2D3 can 

also exert its effects in a paracrine and autocrine fashion due to the expression of the 

metabolizing enzymes in a variety of cell types besides the liver and the kidney.  These 

cells include keratinocytes14, parathyroid glands15 and macrophages16, among others. 

 

The fact that most 1,25(OH)2D3 is generated from UVB radiation of the skin engenders 

several important concepts to consider when thinking about vitamin D as a hormone in 

different populations.  One is the previously mentioned risk associated with people living 

at higher latitudes and in cities who are exposed to less UVB radiation.  Another 

consideration is that exposure to UVB radiation, and thus levels of 1,25(OH)2D3, can be 

impacted by seasonal, diurnal, recreational and occupational variations among 

populations as well as the application of sunscreen (Figure 1-2).  Lastly, the amount of 

melanin in the skin can significantly decrease the amount of hormonally active vitamin D 

the body can make.  It is estimated that people of African descent require between five 

and fifty times as much exposure to UVB radiation to achieve levels akin to their lighter-

skinned counterparts17.  This could account for some of the racial disparities in cancer 

seen between people of African-decent versus people of European descent. 
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1-2B. THE VITAMIN D RECEPTOR 

Once DBP-bound-1,25(OH)2D3 reaches a target cell, it is taken up via lipoprotein 

receptor-mediated proteins such as megalin and cubilin18-20.  It may be also be able to 

diffuse through the membrane or be facilitated by other unknown receptors, as megalin 

and cubilin are not expressed in every vitamin-D responsive cell.   It is expected that 

target organs would include the parathyroid gland, the kidney and the liver, as these 

organs posses either metabolizing enzymes or feedback mechanisms.  Bone and intestine 

are two additional expected targets since they are the location of 1,25(OH)2D3-mediated 

calcium mobilization and uptake.  It was initially surprising, however, that a huge number 

of other targets organs existed including pituitary gland21, mammary gland22, heart23, 

placenta24, pancreas24,25, ovary26, testis27, and prostate28 (Figure 1-2).  These tissues are 

considered targets because their cells express the only known receptor to bind 

1,25(OH)2D3: the vitamin D receptor (VDR).  Many of these cells express metabolizing 

enzymes, making them potential targets for precursor metabolites of 1,25(OH)2D3, and 

also making them capable of turning off the signal by breaking down 1,25(OH)2D3. 

 

The VDR is found on Chromosome 12 of the human, and chromosome 15 of the mouse 

genome (Figure 1-3).  It is a member of the nuclear hormone receptor (NHR) super-

family of transcription factors (Figure 1-4).  This family is comprised of 48 members and 

can be generally divided into two sub-categories.  The type I receptors are found in both 

the cytoplasm and the nucleus in the resting cell.  They bind as homodimers to response 

elements that contain two inverted hexameric repeats.  This type of NHR includes the sex 
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hormone receptors, androgen receptor (AR), estrogen receptor (isoforms α and β) (ER), 

and progesterone receptor (PR), as well as glucocorticoid receptor (GR) and 

mineralocorticoid receptor (MR).  Type II receptors are strictly nuclear resident proteins, 

and typically bind as heterodimers to direct, or inverted repeat motifs, most often with the 

retinoid x receptor (RXR), which is also a member of this class of NHRs.  Other 

members include retinoic acid receptor (RAR), thyroid hormone receptor (TR), and 

VDR. 

 

The VDR, like many NHRs, has an inherent ligand-independent, affinity for DNA 

binding.  The VDR binds DNA via two zinc finger motifs and, in the absence of ligand, 

recruits co-repressors such as Nuclear Receptor Co-Repressor (NCoR), Silencing 

Mediator for Retinoid and Thyroid hormone receptor (SMRT) and Alien29.  Once VDR 

binds 1,25(OH)2D3 or other agonists, the co-repressor complex is released and the co-

activator complex is recruited via an intermediate complex (Figure 1-5).  Although the 

VDR, and other Type II NHRs can bind the DNA in the absence of ligand, it is 

universally accepted that ligand binding enhances binding of the VDR to the DNA to 

dimerization partners and to co-activators30,31,.  Of note, recent evidence supports a 

1,25(OH)2D3-independent regulation of VDR-responsive genes human in keratinocytes 

and this may also be true for other NHRs in various tissues32,33. 

 

VDR is comprised of six domains, designated A through F (Figure 1-4 and Figure 1-7).  

The A/B domain is located at the N-terminus and is highly variable among NHR family 
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members.  The VDR contains one of the shortest A/B domains (Figure 1-4), although the 

significance of this is unknown.  The DNA binding domain (DBD), which is comprised 

of two zinc finger motifs, is contained within region C and is the most highly conserved 

among the NHRs.  A flexible hinge region, within domain D, connects the C-domain and 

E/F domain.  This region had to be deleted to make the LBD soluble for crystallization 

with its cognate ligand34.  The E/F region, with the exception of three highly-conserved 

stretches within the E domain that are highly conserved, demonstrates considerable 

sequence dissimilarity among family members.  It is this C-terminal, E/F region that 

contains the AF-2 domain that is comprised of the LBD and is also responsible for 

dimerization as well as trans-repression and trans–activation. 

 

 1-2C. THE VDR KNOCKOUT MOUSE 

Mouse VDR has been knocked out by several laboratories35-37.  All animals have similar 

and dramatic phenotypes.  Most notably, VDR-null animals undergo progressive hair-loss 

from four weeks onward, while WT and heterozygous animals maintain normal hair 

cycling through their adult lives.  This phenotype has since been attributed to a defect in 

the stem cell population that generates the keratinocyte lineage which prevents hair 

follicles from undergoing normal cycling and, thus, regenerating38.  Surprisingly, animals 

deficient in 1,25(OH)2D3 do not lose their hair, which launched the research that 

culminates in the discovery that the hairless phenotype is a ligand-independent 

phenomenon32,39.  Beyond the skin phenotype, as expected, knockout animals have severe 
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bone abnormalities, due to the lack of calcium mobilization.  This effect can be largely 

compensated by a high-calcium, high-phosphorus diet, however, animals retain some 

bone abnormalities such as low osteoblast numbers and decreased bone volume.  VDR-

null animals also have increased sensitivity to various carcinogens such as DMBA40 and 

AOM41.   Furthermore, the knockout animals display spontaneous hyperplasias of the 

mammary gland40, colon descendens42 and parathyroid gland36.  Other, less noticeable 

phenotypic changes include reproductive dysfunction, and decreased body weight. 

 

1-2D. TRANS-ACTIVATION AND REPRESSION BY THE VDR 

VDR activates transcription as a homodimer43, most frequently as a heterodimers with 

retinoid X receptor (RXR)44.  It binds to the promoters of target sequences through 

vitamin D receptor binding elements (VDREs).  The first VDRE discovered drives the 

human osteocalcin gene and the recognition sequence is described as two directly 

repeated hexanucleotide half-sites which are separated by three bps (DR3)45,46.  Since the 

discovery of this VDRE, several other versions have been identified: DR4, DR6 and IP9 

(inverted palindrome spaced by nine nucleotides).  Each partner of the dimer binds one of 

the hexameric repeats.  The asymmetric nature of the IP9 VDRE, which is classically 

associated with the homodimerizing Type I NHRs, begs the question of polarity 

regarding VDR and RXR binding.  Indeed, two reports support that RXR binds to the 5’ 

hexamer while VDR binds to that on the 3’ side47,48.  Negative VDREs, which behave 

exclusively as repressor sequences, are also found in nature, although the mechanism of 
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repression is currently unknown (Figure 1-5A).  One theory is that negative VDREs do 

not involve dimerization with RXR, but rather with RAR, or they may even 

homodimerize49-51.  These types of VDREs are difficult to study in vitro, however, 

because when taken out of their promoter context, they behave as a positive VDREs.  

VDREs can be located proximal to the TSS, or within enhancers at extremely distal 

regions, or even within introns (Table 1-1)52-54.  Pike, et al. propose a looping-out 

mechanism for several VDREs that are located tens of kilobases from the transcription 

start site of the RankL gene (Figure 4-2)55.  This event likely occurs in many VDRE-

containing promoters. 

 

As mentioned, in the absence of an agonist ligand, the VDR recruits a number of co-

repressors to silence vitamin-D responsive genes.  The best known of these are SMRT, 

NCoR and Alien29.  When VDR is bound to its natural ligand or an agonist, helix 12 of  

the LBD undergoes a conformational change whereby it clamps down over the LBP.  

This causes further conformational changes within the AF-2 domain that allows the VDR 

repressor complex to be released and the subsequent recruitment of co-activator 

complexes can ensue (Figure 1-5).  First, it recruits chromatin-remodeling proteins 

contained within the SWI/SNF complex56,57.  Then, nucleosome-remodeling proteins are 

recruited, such as the histone acetyl transferase complex SRC-1 (a.k.a. p160 or NCoA-

1)58,59, and p30060-62.  Lastly, transcriptional co-activators such as the DRIP/TRAP 

complex59,63 (a huge complex comprised of many proteins including cdk8, E1A and 

p53,64, and Sp165,66).  Most of the proteins that directly bind the NHR do so via conserved 
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LXXLL motifs (where X is any amino acid and L is leucine).  These proteins, in concert, 

prepare the DNA to recruit the basal transcription machinery via the AF-2 domain67. 

 

The ligand-bound VDR mediates its anti-cancer properties through inhibition of 

proliferation (G1 arrest) and angiogenesis, and by promotion of apoptosis, cell adhesion 

and differentiation68-73.  Although our current understanding of the VDR-mediated anti-

cancer effects of 1,25(OH)2D3 involves ligand binding to the VDR, two exceptions must 

be considered.  1) Ligand-independence: The presence of the VDR, alone, is enough to 

activate vitamin D responsive promoters in human keratinocytes32.  It has been 

determined that this effect is not mediated by paracrine or autocrine 1,25(OH)2D3 

generated by these cells, however, the existence of an undiscovered ligand cannot be 

precluded.  2) VDR-independence: 1,25(OH)2D3 can act independently of VDR by 

exerting what are known as “non-genomic effects”.  Because these effects do not require 

transcription, they are also known as ‘rapid effects’.  There have been two conflicting 

reports about whether or not the VDR is required for the non-genomic actions of 

1,25(OH)2D3
74,75.  What is likely, however, is that if the VDR is required for the non-

genomic effects of vitamin D, it is probably indirect.  Analogous to the first, ligand-

independence caveat, it must also be considered that the VDR isn’t the only receptor for 

1,25(OH)2D3 in existence.  It is hypothesized that there is a membrane-bound vitamin D 

receptor76, and membrane-associated rapid response steroid binding protein (MARRS) 

has been isolated from chick intestinal basolateral membrane 77. 
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It is important to note that many proto-oncogenes and tumor suppressors are repressed 

and activated by 1,25(OH)2D3, but in only a handful of them, have there been functional 

VDREs identified.  This implies that their promoters are not under direct transcriptional 

control of VDR-ligand complexes, rather they are indirectly modulated as downstream 

targets of direct vitamin D signaling cascades. 

 

The vitamin D pathway has been shown to be protective against colorectal cancer, among 

others (Reviewed in78).  The colon is difficult to target, therapeutically, within the context 

of the vitamin D pathway because it is also the primary location of the calcemic effects.  

If ways can be found to circumvent the calcemic effects associated with the vitamin D 

pathway, it is a promising target, for several reasons.  Cross et al. have shown that 

expression of the VDR is gradually up-regulated as aberrant crypt foci progress to 

adenocarcinoma.  VDR expression is lost, however, at the highest grades of colon 

cancer79.  In the earlier stages of disease, this seems counter-intuitive, and the 

implications of increased VDR expression in early disease are unknown.  Enzymes 

associated with vitamin D metabolism have also been found to be dysregulated in colon 

cancer: up-regulation of CYP24A1 and down-regulation of CYP27B1 proteins, would 

lead to a reduction in the exposure of cells to 1,25(OH)2D3 and this is reported for high-

grade colon carcinomas78.  Interestingly, this phenomenon has also been observed in 

prostate cells, but in this case it is due to epigenetic modification 80-82.  Furthermore, the 

β-catenin pathway, which is dysregulated in greater than 80% of human colorectal 
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cancers 83, has been found to be modulated by the vitamin D pathway on numerous 

levels, as presented below. 

 

The VDR is expressed throughout various stages in mammary gland development and is 

expressed in the adult in all major cell types within the mammary gland, although not 

uniformly84.  In particular, VDR is highly expressed in differentiated populations, but 

only weakly expressed in proliferative populations during pubertal mammary gland 

development.  VDR knockout mice demonstrate a mammary phenotype that includes 

delayed involution, accelerated growth and ductal branching, an effect that can be 

inhibited by 1,25(OH)2D3 in organ culture of VDR WT animals85.  Vitamin D is 

important in the prevention of mammary gland cancer, as mice with low levels of VDR 

ligand or null for VDR are also more susceptible to carcinogens such as 7,12-

dimethylbenz-(A)-antrhacene (DMBA)86,  and N-methyl-N-nitrosourea (NMU)87,88.  

Furthermore, there is epidemiologic evidence, similar to that shown for colon cancer, that 

high dietary vitamin D correlates with lower breast cancer risk (Reviewed in84). 

 

1-2E. FIGURES AND FIGURE LEGENDS 
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Figure 1-1.  Vitamin D metabolism.   

7-dehydrocholesterol is converted to pre-vitamin D3 by UVB radiation, which 

spontaneously rearranges to form Vitamin D3.  Vitamin D3 is 25-hydroxylated by 

CYP27A1 (P450C25) in the liver forming 25(OH)D3 and delivered to the kidney, where 

hydroxylation at the 1α position by CYP27B1 (P450C1) yields the hormonally active 

metabolite 1α,25(OH)2D3.  Each of these metabolites is transported in the blood by 

binding to DBP, although only 1,25(OH)2D3 is depicted.  This ligand can enter the cell 

through receptor-facilitated endocytosis (not shown), diffusion or, possibly, through an 

undiscovered, membrane-bound receptor.  Upon entry into the cell, 1,25(OH)2D3 can 

activate non-genomic effects or translocate into the nucleus where it binds the VDR and 

activates transcription.  Vitamin D can also be consumed in the diet in the form of 

Vitamin D2 or Vitamin D3 and absorbed from the intestine.  It enters the same 

metabolism pathway. 

 

Upper panel: Reproduced with permission89: Lamprecht,S.A. & Lipkin,M. 

Chemoprevention of colon cancer by calcium, vitamin D and folate: Molecular 

mechanisms. Nature Reviews Cancer 3, 601-614 (2003). 
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Figure 1-2. Organ and circadian expression of VDR mRNA.  

Left panel: Tissue Expression: Different tissues from two mouse strains are represented 

on the x-axis and relative expression is depicted on the y-axis.  Right Panel: Circadian 

Expression: time is represented on the x-axis and relative expression is depicted on the y-

axis.  Abbreviations: WAT: White Adipose Tissue; BAT: Brown Adipose Tissue. 

 

Reproduced with permission90: Bookout, A. L., Yangsik, J., Downes, M., Yu, R. T., 

Evans, R. M., Mangelsdorf, D. J., Anatomical profiling of nuclear receptor expression 

reveals a hierarchical transcriptional network. Cell. 2006 126 (4) 789-799. 



 19 



 20 

Figure 1-3.  Chromosome location and gene annotation of mouse and human VDR.   

The top chromosome represents the mouse homolog and the bottom represents the human 

homolog of the VDR gene, located on 15F and 12q13.11, respectively.  Exon numbers 

are enumerated in blue along the bottom.  The number of bases in each exon and intron 

are indicated in white, and black, respectively.  The percent identity is rendered along the 

top in red.  Purple boxes indicate 5’ and 3’ untranslated regions (UTR).  Green arrows 

indicate the 5’ upstream region.  Two regions within the 3’ UTR that are of higher 

homology in relation to the rest of the 3’UTR are indicated by hatched boxes. 
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Figure 1-4.  The nuclear hormone receptor superfamily.   

(A) Graphical depiction of 9 of the 48 nuclear hormone receptor family members that are 

discussed in this work.  The A/B region is shown in red; the C region, containing the 

ligand-binding domain (LBD) is in blue; the flexible, hinge region is orange; the E/F 

domain, containing the DNA binding domain (DBD) is shown in green.  The length of 

each region is indicated by showing the number of the first amino acid in each region 

above the protein.  The degree of sequence identity, relative to GC, is indicated within the 

box representing each region.  GR: glucocorticoid receptor; MR: mineralcorticoid 

receptor; PR: progesterone receptor; ER: estrogen receptor; VDR: vitamin D receptor; 

TR: thyroid hormone receptor; RAR: retinoic acid receptor.  (B) Phylogenetic tree 

depicting color-coded NHR families and their evolution. 

 

Adapted with permission91: Evans, R. M. The steroid and thyroid hormone receptor 

family. Science. 1988. 240: 889-896. 

 

Reproduced with permission90: Bookout, A. L., Yangsik, J., Downes, M., Yu, R. T., 

Evans, R. M., Mangelsdorf, D. J., Anatomical profiling of nuclear receptor expression 

reveals a hierarchical transcriptional network. Cell. 2006 126 (4) 789-799. 
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Figure 1-5. Recruitment of repressor, mediator and activator complexes to VDREs.  

 In the absence of ligand (not shown), the VDR:RXR heterodimer binds weakly to the 

DNA at vitamin D response elements (VDREs).  In this state, as well as in (A), when 

bound to ligand on a negative VDRE (nVDRE), it recruits a host of co-repressors 

including Alien, SMRT and NCoR, among others.  (B) On positive VDREs, ligand-

bound VDR undergoes conformational changes allowing the release of co-repressors and 

the recruitment of a mediator complex that includes p300, NCoA, SWI/SNF and SRCs.  

These proteins are responsible for acetylating the surrounding histones which opens up 

the chromatin structure for (C) recruitment of the DRIP complex and the basal 

transcriptional machinery.  Abbreviations: HDAC: Histone Deacetylase; VDIR: VDR-

Interacting Repressor;, WSTF: Williams Syndrome Transcription Factor; SKIP: Ski-

Interacting Protein; PBAF: Polybromo-Associated Factor; PTH: Parathyroid Hormone; 

CDKN1A: Cyclin Dependent Kinase Inhibitor 1A; SPP1: Osteopontin gene name. 

 

Modified with permission from92: Deeb,K.K., Trump,D.L. & Johnson,C.S. Vitamin D 

signaling pathways in cancer: potential for anticancer therapeutics. Nature Reviews 

Cancer 7, 684-700 (2007). 
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Table 1-1: Known VDR binding elements 

GENE SPECIES SEQUENCE POSITION

DR3-TYPE VDRES

ANF Rat AGAGGTCATGAAGGACA -970

OSTEOPONTIN-1 MOUSE AAGGTTCACGAGGTTCA -759

OSTEOPONTIN-2 MOUSE GGGTCATATGGTTCA -2000

OSTEOPONTIN PIG ATGGGTCATATGGTTCA -2261

CARBONIC ANHYDRASE II CHICKEN GAAGGGCATGGAGTTCG -62

CYP24-1 HUMAN CGAGGTCAGCGAGGGCG -171

CYP24-2 HUMAN GGAGTTCACCGGGTGTG -291

PO4 TRANSPORTER TYPE II HUMAN CAGGGGCAGCAAGGGCA -1977

PTH HUMAN ATGGTTCAAAGCAGACA -122

OSTEOCALCIN HUMAN CCGGGTGAACGGGGGCA -500

OSTEOCALCIN RAT CTGGGTGAATGAGGACA -457

CYP24-1 RAT CGAGGTGAGTGAGGGCG -152

CYP24-2 RAT AGGGTTCAGCGGGTGCG -259

CYP24-1 MOUSE AGGTGAGTCAGGGCG

CYP24-2 MOUSE GGTTCAGCGGGTGCG

PTH RELATED PEPTIDE RAT TAAGGTTACTCAGTGAA -805

P21 HUMAN GTAGGGAGATTGGTTCA -779

GROWTH HORMONE HUMAN TGGGGTCAACAGTGGGA -59

BONE SIALO PROTEIN RAT GAAGGGTTTATAGGTCA -30

PTH RELATED PEPTIDE RAT AGGGTGGAGAGGGGTGA -1107

CALBINDIN D9K RAT GAGGGTGTCGGAAGCCC -490

INTEGRIN B3 CHICKEN GCGAGGCAGAAGGGAGA -772

PTH CHICKEN GAGGGTCAGGAGGGTGT -76

SLOW MYOSIN HEAVY CHAIN QUAIL GAAGGACAAAGAGGGGA -801

VDR-1 MOUSE GGGTTAGAGAGGACA intron 3-4

VDR-2 MOUSE GGGTCTTCCAGTGCA intron 3-4

VDR-3 MOUSE TCTTCAATGAGATCA intron 2-3

TRPV6-1 HUMAN AGGTCATTTAGTTCA -1200

TRPV6-2 HUMAN AGGTCTTGGGGTTCA -2100

TRPV6-3 HUMAN GGGTCAGTGGGTTCG -2100

TRPV6-4 HUMAN GGGGCAGAGAGGTCA -3500

TRPV6-6 HUMAN GGGGTAGTGAGGTCA -4300

TRPV6-6 HUMAN CAGTCACTCGGTTCA -4300

TRPV6-7 HUMAN AGGTCAACAGGTCTA -5500

RANKL-1 MOUSE GAGTCACCGAGTTGA -76000

RANKL-2 MOUSE GGTTGCCTGAGTTCA -76000

LRP5 MOUSE GGGTCATGCAGGTTC intron 1-2

DR4-TYPE VDRES

PIT-1 RAT GAAGTTCAGCGAAGTTCA -683

CALBINDIN D28K MOUSE CTGGGGGATGTGAGGAGA -200

DR6-TYPE VDRES

OSTEOCALCIN HUMAN TTTGGTGACTCACCGGGTGA -514

PHOSPHOLIPASE C-G1 HUMAN GCAGGTCAGACCACTGGACA -805

CYP24 RAT CGGGTCGAGCCCAGGGTTCA -231

FIBRONECTIN MOUSE CCGGGTGACGTCACGGGGTA -152

IP9-TYPE VDRES

CALBINDIN D9K HUMAN TGCCCTTCCTTATGGGGTTCA -147

OSTEOCALCIN RAT TCGACTGGGTGAATGAGGACA -461

C-FOS MOUSE TGACCCTGGGAACCGGGTCCA -482

P21 MOUSE TGACCTGAAAGTGGAAGGTGA -2811

COMPLEX VDRES

OSTEOCALCIN HUMAN
TTTGGTGACTCACCGGGTGAACGG

GGGCA
-514

OSTEOCALCIN RAT TGCACTGGGTGAATGAGGACA -461

C-FOS MOUSE
AGGTGAAAGATGTATGCCAAGACG

GGGGTTGAAAG
-178

Table 1-1  Known vitamin D receptor binding elements
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1-3. THE β-CATENIN PATHWAY 

 

1-3A. β-CATENIN LOCALIZATION 

β-catenin is a widely studied protein that is involved in both cell proliferation and cell 

adhesion.  It is the main downstream effector of the canonical Wnt pathway (Reviewed 

in93) (Figure 1-6).  Canonical Wnts are present in the extracellular matrix as paracrine 

and endocrine factors and are bound extracellularly by seven-pass, transmembrane 

Frizzled (Fzd) and Low-density Lipoprotein Receptor 5 or 6 (LRP5/6) receptors.  This 

complex recruits intracellular Disheveled (Dvl), which, in turn inactivates the 

GSK3β/Axin/APC complex.  This complex, in the absence of a Wnt signal, is responsible 

for phosphorylating β-catenin, which targets it for ubiquitination, by the E3 ubiquitin 

ligase β-TrCP, signaling its degradation by the proteasome (Figure 1-6a).  The inhibition 

of the GSK3β/Axin/APC complex by Dvl allows β-catenin to persist in the cytoplasm 

and translocate to the nucleus, where it acts as a co-activator for genes whose promoters 

are classically occupied by members of the TCF/LEF family of proteins.  A number of 

these genes are proto-oncogenes such as c-myc94, and cyclin D195 (Figure 1-6b).   

 

When β-catenin is neither targeted for degradation, nor activating gene transcription, it 

can be found with cadherins at adherens junctions (Figure 1-6c).  Adherens junctions are 

found in epithelial cells and attach adjacent cells to each other.  Cadherins are calcium-
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dependent adhesion molecules that bind most frequently in a homotypic fashion.  The 

extracellular domains of cadherins possess cadherin repeat domains that bind each other 

in the intracellular space.  The intercellular tails of cadherins are bound by β-catenin, 

which in turn binds to α-catenin.  Finally, α-catenin binds to the actin cytoskeleton, 

forming sturdy points of contact between cells.  Adherens junctions can form as isolated 

plaques between cells, or as bands around the cell membranes of adjacent cells.  There 

are many different cadherins, and they are generally named for the cells in which they are 

found.  For example “Epithelial cadherin” is called E-cadherin. 

 

1-3B. STRUCTURE AND REGULATION OF β-CATENIN 

β-catenin is a 781 amino acid protein that can be localized in all three cellular 

compartments: membrane (in adherens junctions), cytoplasm (in complex with 

axin/APC/GSK3β) and nucleus (usually associated with transcriptionally active 

promoters).  Post-translational regulation of β-catenin occurs at an N-terminal cluster of 

phosphorylation sites (Figure 1-7).  Phosphorylation at serine 33 and 37 and at threonine 

41 results in ubiquitination and subsequent degradation of β-catenin by the proteasome 

(Figure 1-6a).  Phosphorylation at serine 45 by casein-kinase 1 is believed to prime β-

catenin for subsequent phosphorylation at these sites96,69. β-catenin’s most prominent 

feature is a 12-repeat armadillo region.  Each repeat is an α-helix, three each of which 

comprise a turn of a super-helical structure.  This structure forms an interface that is able 

to interact with numerous other proteins including most of those mentioned above, as 
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well as TCF/LEF family members (Figure 1-8).  Interestingly, mutations at residues 

F253, K312 and K435 abolish TCF/LEF binding, but of these three residues only F253 is 

required for Axin binding, while binding of APC and cadherins requires K312 and K435, 

but not F25397.  This indicates that the armadillo repeat region contains overlapping, but 

unique binding sites for various interacting proteins (Figure 1-7). 

 

1-3C. BALANCING β-CATENIN 

Normal cells are able to strike a balance between the amount of β-catenin located at the 

membrane and in the nucleus.  They do this via a number of intracellular and 

extracellular checks-and-balances.  Secreted Frizzled Receptor Protein (sFRP) and Wnt 

inhibitory factor-1 (WIF1) are secreted proteins that are able bind Wnts in the 

extracellular matrix and inhibit them from binding to Fzd and LRP5/6 and activating the 

Wnt pathway.  Dickkopf (DKK) and Wise antagonize the Wnt pathway by acting as 

alternate ligands for LRP5/6 (Reviewed in98).  Binding of LRP5/6 to DKK or Wise does 

not activate the Wnt pathway, rather it causes endocytosis of the receptor, limiting its 

exposure to canonical Wnts99-102.  Intracellular controls include the rapid degradation of 

β-catenin by Axin, GSK3β, proteasome, etc.   
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Dysregulation of any of the proteins within the Wnt pathway can lead to an oncogenic 

phenotype, the hallmark of which is inappropriate expression or localization of activated 

β-catenin (Reviewed in103).  Surprisingly, only a few proteins in this pathway have 

actually been reported to be dysregulated in cancer.  Over-expression of canonical Wnts 

has never been formally associated with cancer etiology.  Some of the more compelling 

evidence for Wnts as proto-oncogenes comes from the breast cancer field.  MMTV-

driven Wnt1 expression causes mammary hyperplasia and adenocarcinoma in mice104.  

As far as translating to human disease, there has been some evidence that over-expression 

of Wnts correlates with cancer105, but these data are primarily based on assumptive 

correlations of disease with mRNA expression.  A majority of human colorectal cancers 

(about 80%) possess mutations in the APC gene106.  Mutations in β-catenin are common 

in both cancers of the liver and the GI tract.  Of note, β-catenin mutations in the latter are 

considered ‘frequent’ only when looking at the pool of cancers that do not contain 

mutations in APC, as these cancers rarely demonstrate mutations in both.  DKK 

dysregulation has been reported in colorectal cancer107, gastric cancer108-110, prostate 

cancer111, breast cancer112, and lung cancer113.  Each of these reports describes a decrease 

in expression.  Two studies, however, actually report an increase in DKK1 expression in 

hepatocellular cancers114,115.  Similar down-regulation, frequently by epigenetic 

mechanisms, has been seen for sFRP in liver cancer116,117, oral squamous cell 

carcinoma118, breast cancer112, pituitary cancer119, lung cancer112,120, gastric cancer121; 

mesothelioma122, colorectal cancer112 and leukemia123.  Axin mutations are also 
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frequently found in colorectal cancer, medullablastoma and hepatocellular carcinoma 

(Reviewed in124). 

 

 

1-3D. FIGURES AND FIGURE LEGENDS 
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Figure 1-6. β-catenin localization and the Wnt pathway.  

β-catenin can be localized to all three cellular fractions: cytoplasm, nucleus and 

membrane.  (A) Resting State:  In the absence of a Wnt ligand, the destruction complex, 

comprised of Axin, APC and GSK3β, among others, phosphorylates β-catenin at specific 

residues.  Phosphorylated β-catenin is ubiquitinated by βTCRP, an E3 ubiquitin ligase 

(not shown), and ultimately degraded by the proteasome.  Specific extracellular signals 

help maintain the cell in resting state.  Secreted Frizzled Receptor Protein (sFRP) binds to 

Wnts and prevents them from binding to receptors that activate the Wnt pathway (see part 

B.).  Dickkopf (DKK) proteins also keep the cell in a resting state by binding LRP5/6 and 

causing its endocytosis such that it is not available to bind Wnts.  (B) Wnt Activation.  

In the presence of a Wnt ligand, Frizzled (Fzd) and Lipoprotein Receptor 5 or 6 (LRP5/6) 

bind Wnt and recruit and modify Disheveled (Dvl), intracellularly.  Modified Dvl inhibits 

the Axin:APC:GSK3β complex and thus, inhibits phosphorylation of β-catenin.  β-

catenin accumulates in the cytoplasm and translocates to the nucleus, where it joins 

TCF/LEF family members in co-activating genes that are often involved in oncogenesis.  

(C) Adherens junctions.  When β-catenin is in the cytoplasm it can be recruited to 

adherens junctions with adjacent cells.  β-catenin binds cadherin molecules, whose 

extracellular domains adhere the cells to each other.  The other end of β-catenin is 

involved in binding α-catenin (α), which, in turn, binds the actin cytoskeleton. 

 

Reviewed in93: Polakis, P. Wnt signaling and cancer. Genes Dev. 2000 (14) 1837-1851. 
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Figure 1-7.   Meet the proteins.  

The three major proteins of this work are shown with the binding locations of relevant 

protein partners.  (A) β-catenin has three major domains: N-terminus, Armadillo Repeat, 

and C-terminus.  Most proteins bind to the Armadillo Repeat region.  The key residues 

required for TCF/LEF binding, 253, 312, and 435, are indicated.  Circles sitting on top of 

the C-terminus indicate the four key phosphorylation residues.  It is hypothesized that 

priming phosphorylation of T45 by casein kinase 1 may be required for subsequent 

phosphorylation of S33, S37 and T41.  The C-terminus is required for nuclear 

translocation by androgen and androgen receptor and is now considered the binding site 

for NHRs and p300. (B) TCF/LEF proteins conform to this general diagram.  Only the E-

tail isoform is shown, which contains two, distinct CtBP binding sites in TCF-1 and TCF-

4, only.  The nuclear localization signal (NLS) is located just after the high-mobility 

group (HMG) domain, which comprises the DNA binding domain.  The Context-

Dependent Regulatory (CDR) Region binds co-repressors such as TLE (or Groucho, as it 

is known in Drosophila).  A great number of splice events and an alternate start site 

generate many transcripts of TCF/LEF family members.  The most notable are the ΔN-

TCF/LEF isoforms that cannot bind β-catenin due to their missing β-catenin binding 

domain (not shown). (C)  Nuclear Hormone Receptors conform to this general structure.  

They contain an N-terminus, within which is the AF-1, transactivation domain whose 

function is ligand-independent.  The ligand-dependent AF-2 domain is found at the 

opposite end, within the C-terminal region.  Between these two domains are found the 

DNA binding domain (DBD), the hinge region, and the ligand-binding domain (LBD).  

Many proteins that contain an LXXLL motif bind to the AF-2 region, while TCF/LEF 

proteins bind to the DBD.  Nuclear hormone receptors may also recruit TLE, and it may 

bind to the LBD. References are enumerated in superscript. 
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Figure 1-8



 36 

Figure 1-8.  Crystal structure of β-catenin bound to TCF-4.   

The armadillo repeat region of β-catenin (green) forms a super-helical structure (each 

turn of the helix is formed from three armadillo repeats, each of which forms an α-helix).  

This creates an interface for many proteins to bind, including the β-catenin binding 

domain of TCF-4 (shown in purple). 

  

Reproduced with permission125: Sampietro, J., Dahlberg, C. L., Cho, U. S., Hinds, T. R., 

Kimelman, D., Zu, W. Crystal structure of a β-catenin/BCL9/TCF4 Complex. Mol Cell 

2006 24 (2), 293-300. 



 37 

1-4. THE TCF/LEF FAMILY 

 

1-4A. FAMILY MEMBERS 

There are four members of the TCF/LEF family of proteins: LEF-1, encoded by LEF-1 

gene, TCF-1, encoded by the TCF7 gene, TCF-3, encoded by TCF7L1 and TCF-4, 

encoded by TCF7L2 (Figure 1-9).  Although the family is small, it is complex, as for 

each member, with the exception of TCF-3, there exists a virtual cornucopia of 

transcripts (both theoretical and actual, functional and of unknown function).  This is due 

to various splice variants, alternate exons, and multiple promoter usage.  The TCF/LEF 

field initially evolved from the study of homologs in lower organisms from 

developmental viewpoint. TCF/LEF family members in mammals are widely expressed 

in many tissues during development, but abundant expression is restricted, shortly after 

birth, to only a few tissues in the adult (Figure 1-10 for TCF7L2, only) (reviewed in126).  

These developmental studies revealed that, although there is a moderate degree of 

homology among the family members, there is seemingly only minimal overlap in 

function.  

 

1-4B. TCF/LEF KNOCKOUT MOUSE MODELS 

Much of the knowledge the of TCF/LEF family is derived from knockout studies (Table 

1-2).  Both LEF-1 and TCF-1-null mice die shortly after birth suggesting one family 
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member is unable to fully compensate for loss of another.  LEF-1 knockout animals are 

unable to form teeth, whiskers, mammary glands, and hair.  Newborn LEF-1 knockout 

mice have normal T-cells, which is surprising since the adult animals express LEF-1 

abundantly in these cells127.  TCF-1-null animals, on the other hand, not only have 

severely-impaired T-cell generation, but also develop latent mammary gland and GI tract 

adenomas128.  Interestingly, a double knockout of TCF-1 and LEF-1 worsens the TCF-1 

knockout phenotype such that T-cells are completely ablated instead of just impaired, 

suggesting that in the single knockout, LEF-1 is partially compensating for loss of TCF-

1 in T-cells.  TCF-3 knockout mice are also embryonic lethal129.  Embryos show 

defective neural patterning and have duplication of the anterior-posterior axis.  TCF-4 

knockout mice demonstrate a completely different, but equally severe phenotype.  They 

die shortly after birth as they are devoid of stem cell compartments in the small intestine, 

leading to a fully-differentiated, non-renewable crypt phenotype130.  Given the fact that 

TCF-4 is known to be expressed in the adult mammary epithelium128,131, and most 

notably, the colon130,132, and the intestinal mucosa128,130, a gut phenotype is not 

surprising for this knockout model.  It’s requirement in maintaining the stem-cell 

population, however, was unexpected.   

 

1-4C. TCF/LEF FAMILY MEMBERS AS ACTIVATORS AND REPRESSORS OF TRANSCRIPTION 

The TCF-4 knockout animal has engendered the concept that TCF/LEF family members 

may play significant roles in stem-cell maintenance in various organs.  TCF-3 is 
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responsible for inhibiting the terminal differentiation of keratinocytes133, LEF-1 is 

responsible for causing their terminal differentiation129.  The TCF/LEF field is full of 

these types of contradictions.  This is primarily due to their activity as both 

transcriptional activators and repressors depending on context.  Because many studies 

look at the TCF/LEF family as quintessential β-catenin co-activators their primary roles 

as repressors in its absence are often overlooked.  The effects of TCF-3 and LEF-1 in 

keratinocytes are due exclusively to the presence of β-catenin.  In the context of the stem 

cell bulge, where β-catenin is only found at the membrane, TCF-3 represses β-catenin 

responsive genes.  As cells migrate out of the stem-cell region, a corresponding decrease 

in TCF-3 and increase in TCF-1 and nuclear β-catenin promote differentiation by 

inducing expression of genes such as keratin133. 

 

As was just presented, TCF-3 can act as a repressor, and the same holds true for other 

members of the family.  In fact, both TCF-1 and TCF-4 have been shown to be tumor 

suppressors: the former, because of the latent development of mammary and colon 

adenomas in knockout animals previously mentioned128, and the latter because of its 

frequent down-regulation in human breast cancers as compared to adjacent, normal 

tissue134.  Importantly, TCF-4 is growth inhibitory in several colorectal cancer cell lines, 

including HCT116 and DLD-1 cells, both of which have overactive β-catenin135.  

Mechanisms of repression by this group of proteins, thus far, are three-fold.  They will 

be discussed in the context of their locations (Refer to Figure 1-7). 
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1) N-Terminus: All TCF/LEF family members bind β-catenin through their N-terminal 

β-catenin binding domain which has 60% sequence identity among members.  Natural 

“dominant-negative” variants have been described for TCF-1 and LEF-1132,136, and are 

suggested for TCF-4137.  These isoforms are generated from a secondary start site within 

intron two, which is beyond the coding region for the β-catenin binding domain (Figure 

1-9).  These isoforms are able to bind Wnt Response Elements (WREs), but cannot 

transactivate them through β-catenin binding.  Although the mechanism driving the 

selective activation of the secondary promoter is unknown, it is believed that both 

isoforms can exist in the same cellular context, and that the “dominant negative” version 

acts to control the activity of the full-length variant.  TCF-4 has its own, semi-

characterized version of a “dominant negative”, but because it’s a C-terminal truncation 

it is discussed in the third mechanism of inhibition, below. 

 

2) Central Region: Separating the N-terminus from the C-terminus is a region that shares 

little homology among family members: only 15-20%.  Within this region is the 

Context-Dependent Regulation (formerly Repressor) Domain (CRD)138-140.  The CRD 

can be modified by alternate splicing, yielding small, flanking, amino acid motifs 

(LPVQ and SxxSS) that have been shown in TCF-4141 and TCF-3142 to cause 

repression68.  TCF/LEF proteins bind other co-repressors within this central region, the 

most well-studied of which is transducer-like enhancer of split (TLE), or Groucho, as it’s 

known in Drosophila (Reviewed in143).  A secondary β-catenin binding site has been 
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identified within the CRD, and in vitro evidence suggests competitive interactions 

between Groucho and β-catenin for binding to this region144. 

 

3) C-Terminus: The C-terminus contains the highly conserved (95-99%) high mobility 

group (HMG) domain that is responsible for DNA binding.  Because this region shares 

such a high degree of homology among family members, it is not surprising that all 

TCF/LEFs bind the same WREs: CCTTTGWW145.  DNA binding causes a dramatic 

(130°) bend in the DNA that is essential for co-factor recruitment.  Just after the HMG 

box, there is a nuclear localization signal that is targeted by importin-α for translocation 

to the nucleus146.  Many of the TCF/LEF isoforms are generated by differential splicing 

of the C-terminal tail (Figure 1-9).  The E-tail (longest version) is the most commonly 

expressed isoform for each family member (LEF-1 does not have an E-tail, and the E-tail 

is the only version found in TCF-3)147.  The B-tail is also found frequently in 

comparison to the other isoforms, although no function has yet been assigned.  Within 

the E-tail of both TCF-3 and TCF-4 there exists two C-Terminal Binding Protein (CtBP) 

binding elements148. CtBP is a classical co-repressor (Reviewed in149) that binds both the 

N-terminal tail of histone H3 as well as histone deacetylase 1 (HDAC1), both of which 

are important in forming a closed, inactive chromosome structure.  There is in vitro 

evidence that CtBP may bind to both TCF-3 and TCF-4 through this region of their E-

tail and affect gene expression148,150.  Although a direct interaction between the two 

proteins is controversial151,152, evidence suggests that this putative interaction may be 
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important in vivo since naturally-occurring, frame-shift mutations, which destroy these 

CtBP binding sites confer resistance to CtBP-mediated down-regulation of TopFlash 

activity as well as destroy nuclear co-localization of the two proteins that occurs with the 

wild-type version of TCF-4153.  Furthermore, TCF-4 frameshift mutations such as these 

have been linked with colorectal cancer154,155.  Also, within the E-tail of TCF-1 and 

TCF-4, only, there exists a highly conserved CRARF (a.k.a C-clamp) domain that is 

thought to contain DNA binding properties.  This domain is also formed as an alternate 

splice variant.  As briefly mentioned, in addition to TCF-4’s putative “dominant 

negative” ΔNTCF-4, it also has a distinct isoform that lacks the C-terminal HMG Box 

DBD due to a splicing event that generates a premature stop codon156.  The role of this 

isoform is relatively unexplored, but the group that discovered it has shown that it 

promotes adipocyte differentiation by sequestering β-catenin from WREs. 

 

1-4D. TCF7L2 TRANSCRIPT VARIATION 

Alternate mRNA variants of TCF7L2 have been extensively examined in one study137.  

17 exons were identified, five of which are considered alternative.  In addition, they 

identified three alternative splice acceptor sites, each within a different exon (Figure 1-

11).  This paper predicts a possibility of more than 500 possible variants (only 96 are 

predicted for TCF-1136), but detects the presence of only 12 in a subset of 24 colorectal 

cancer cell lines, two of which are the classical E- and B-tail isoforms already 

introduced.  The functional differences among these transcripts have not been explored.  
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It is important to note, however, that the classical assay describing TCF/β-catenin 

activity is the TopFlash (or OT) reporter, which consists of three tandem WREs (that are 

bound by TCF/LEF family members) upstream of a luciferase gene.  The TopFlash 

plasmid contains the minimum c-fos promoter, and the OT reporter does not.  These 

reporters, while valuable in some contexts, are not the best models for TCF/LEF activity.  

These constructs cannot distinguish, whether the TCF isoforms will act as a repressor or 

co-activator (excepting ΔN isoforms), as it will demonstrate activation in the presence of 

all TCF isoforms in the context of activated β-catenin157.  TopFlash (OT) only serves as 

a surrogate for the possibility of TCF regulation (positive or negative).  

 

There are two potential post-translational modifications that TCF-4 can undergo.  One 

study found that TCF-4 was phosphorylated via mitogen activated kinase pathway 

members158.  Transforming growth factor β-induced kinase 1 (TAK1) activates a 

downstream target, Nemo-like kinase (NLK).  NLK, in turn, phosphorylates TCF/LEF 

factors, which, subsequently inhibits their ability to participate in β-catenin-mediated 

transcriptional activation.  A second study discovered that protein inhibitor of activated 

STAT (PIASy), a known repressor of STAT1 and AR signaling, binds to LEF-1 and 

represses Wnt signaling159.  PIASy was found to function as a SUMO E3 ligase for LEF-

1 and a number of other proteins.  SUMO modified LEF-1 is found in nuclear bodies, 

which may mean they are sequestered away from their transcriptional activation sites. 

Another study supports these data by simple analysis of the molecular weights of TCF-
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4160.  TCF-4 frequently migrates at two molecular weights in in vitro assays: 68kDa and 

86kDa.  While it is possible that these could be different C-terminal tail isoforms, the 

longest cDNA encoded by GenBank is 68 kDa.  It was hypothesized that the slower-

migrating band was both phosphorylated and SUMO modified 160.  Curiously, however, 

no intermediate bands are seen that would represent just a phosphorylated TCF-4, or just 

a SUMO modified TCF-4.  

 

1-4E. TCF7L2 AND DIABETES 

Of particular importance regarding TCF-4 is recent data that suggest the TCF7L2 locus 

is highly significant in Type 2 diabetes.  The first report of this kind indicated strong 

linkage disequilibrium with a region on chromosome 10q161.   This region has since been 

found to contain the TCF7L2 locus within which lay several intronic SNPs that confer an 

increased relative risk of 1.45-2.4 for developing Type 2 diabetes162.  Although the 

significance of TCF-4 in the manifestation of Type 2 diabetes is unknown, evidence 

supports roles for TCF-4 in the production of proglucagon by intestinal endocrine L-

cells and insulin secretion by pancreatic β-cells.  These data support a direct role of 

TCF-4 in type 2 diabetes, however, that role is still unclear.  Importantly, virtually 

nothing is known about the regulation of TCF-4 expression, which may provide further 

insight into a mechanism of action and etiology of this disease. 

1-4F. FIGURES AND FIGURE LEGENDS 
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Figure 1-9
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Figure 1-9.  TCF/LEF family members.   

The TCF/LEF family is composed of four proteins: LEF-1 (encoded by LEF1), TCF-1 

(encoded by TCF7), TCF-3 (encoded by TCF7L1), and TCF-4 (encoded by TCF7L2).  

Except for TCF7L1, each gene/transcript has the ability to make multiple C-terminal 

tails, generated by splice variation.  The E-tail, is the longest version, and is the most 

prevalent.  Within the E-tail of TCF-1 and TCF-4 there can be two CtBP binding sites as 

generated by alternative splicing (not shown).  In addition, both LEF-1 and TCF-1 have 

ΔN variants that act as dominant negatives in the context of β-catenin activity.  This has 

also been predicted for TCF-4.  The β-catenin binding domain is indicated in green.  The 

context-dependent repression (a.k.a. regulatory) domain is gray.  The high-mobility group 

(HMG) box and nuclear localization signal (NLS) are indicated in shades of orange.  The 

amino acids corresponding to the start of each domain are indicated for LEF-1.  The 

degree of sequence identity as compared to LEF-1 is indicated for within each domain. 

 

Reproduced with permission126: Waterman, M. L. Lymphoid enhancer factor/T cell factor 

expression in colorectal cancer. Cancer and Metastasis Reviews 2004 (23) 41-52. 
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Figure 1-10.  Distribution of TCF7L2 mRNA expression in various human tissues.   

Different tissues are represented on the x-axis and relative expression is depicted on the 

y-axis.  The median, and three-times the median is shown as purple, horizontal lines.  

Cells from the same organ or organs within the same system are in the same color.  

Information obtained from http://biogps.gnf.org/#goto=welcome. 
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Figure 1-11.  Variation in TCF7L2 transcripts.   

The TCF7L2 gene and mRNA are subject to a large degree of variation due to putative 

alternate transcription start sites and splice variation.  Each exon is enumerated on the 

top.  The previously identified exons, where appropriate, are identified in parentheses 

below the new exon nomenclature.  The second, putative, start site is indicated 

downstream from the identified start site, the former denoted with a black dot and 

hatched line, the latter with a black dot and solid line.  Alternative exons are shaded gray, 

and when also hatched, have not, yet, been found in cellulo. 

 

Reproduced with permission137: Duval, A. et al. The human T-cell transcription factor-4 

gene: Structure, extensive characterization of alternative splicing, and mutational analysis 

in colorectal cancer cell lines. Cancer Res. 60, 3872-3879 (2000). 
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Table 1-2: TCF/LEF family member characteristics 

 

K.O Phenotype
Adult 

Expression
Tails Tail Features

TCF-1 

(TCF7)

Impaired T-cell 

generation; 

Development of 

latent mammary and 

colon adenomas

Thymus, 

intestinal 

mucosa, 

mammary 

epithelia

A, B, C, E
E-tail: 2° DNA-

binding domain

TCF-3 

(TCF7L1)

Embryonic Lethal, 

defective neural 

patterning, 

notochords, axis 

duplication

Hair follicle 

bulge 

compartment

E
E-tail: CtBP 

binding sites

TCF-4 

(TCF7L2)

GI stem cell 

obliteration

Mammary 

epithelium, 

intestinal 

mucosa, colon

B, C, E

E-tail: 2° DNA-

binding domain, 

CtBP Binding 

sites

LEF-1 (LEF1)

Normal T-cells; Lack 

teeth, whiskers, hair 

follicles, mammary 

glands;

matrix and 

precortex of 

hair, bone 

marrow, skin, 

testes

B, N Unknown

TCF7/LEF1 Elimination of T-cells n/a n/a n/a

Table 1-2  TCF/LEF Family Member Characteristics
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1-5. WNT AND NHR PATHWAY CROSSTALK 

 

There is a growing body of evidence that supports crosstalk between the canonical Wnt 

and NHR pathways (Reviewed in163).  A direct interaction between NHRs (in this case, 

RAR) and β-catenin was first described in 1999164.  Since that finding, interactions have 

been discovered for androgen receptor (AR)165, retinoid x receptor RXR166, peroxisome 

proliferator-activated receptor (PPAR)167,168, estrogen receptor (ER)169, and VDR170,171.  

There have also been reports of interactions between TCF/LEF family members and 

NHRs including PPARγ168, ER172, and AR173.  Furthermore, downstream transcriptional 

targets of one pathway may produce proteins that are known modulators of the other 

pathway. 

 

1-5A. TRANSCRIPTIONAL TARGETS OF THE VDR PATHWAY ARE WNT PATHWAY MODULATORS 

Three recent publications look at the effects of 1,25(OH)2D3 on DKK family members.  

In one study a 1,25(OH)2D3-mediated decrease in DKK4 expression was found in a 

variety of colorectal and breast cancer cell lines107.  This effect was shown to be a result 

of direct binding of the VDR to the DKK4 promoter.  DKK4, incidentally, is also a 

downstream target of the Wnt pathway and seems to be up-regulated in many human 

colorectal cancers.  Although the significance of this is unknown, the authors did show 

that DKK4 enriched conditioned media increased the malignant morphology of DLD-1 

colon carcinoma cells.  Its over-expression also increased migration and vascular tubule 
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structures, indicating that DKK4 overexpression may convey a carcinogenic phenotype in 

the colon.  The same group also published results to support a VDR-dependent increase 

of DKK1 expression by 1,25(OH)2D3 in SW480-ADH cells174.  Unlike the DKK4 report, 

however, VDR was not part of the activator complex that was recruited to the DKK1 

promoter.  These data, in combination with the conspicuous latent increase in mRNA 

accumulation, support the hypothesis that this is an indirect effect.  The authors of this 

work infer that DKK1 expression may antagonize oncogenic β-catenin activity.  The 

third report found that mouse bone marrow stem cells that were induced to differentiate 

into osteoblasts in response to 1,25(OH)2D3 by suppressing both DKK1 and sFRP 

expression, the latter which inhibit adipogenesis175.  This suppression is key in deciding 

cell fate from bone marrow stem cells into either osteoblasts or adipocytes.  These studies 

support a context-dependent function for 1,25(OH)2D3 in regulating DKK1.  In the same 

vein as the DKK proteins, 1,25(OH)2D3 was found to induce mouse LRP5 in osteoblast 

cells.  The LRP5 gene has a functional VDRE within intron 1-2.  The relevance of this 

finding for human disease is unknown, since the VDRE is not conserved in the human 

gene, however, in the context of the mouse, the lack of ligand-mediated LRP5 up-

regulation may contribute to the residual bone malformations of VDR-null mice fed 

rescue diet53. 
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1-5B. PROTEIN-PROTEIN INTERACTIONS 

As mentioned earlier, members of the β-catenin and VDR pathways have been found to 

crosstalk via protein-protein interactions.  The VDR is essential for normal hair cycling, 

as is apparent by the hairless phenotype of VDR-null mice36, and the alopecia seen in 

some patients with hereditary vitamin D resistant rickets176.  A similar phenotype is seen 

when nuclear co-repressor, Hairless, is mutated177,178 and when β-catenin knockout is 

targeted to keratinocytes179, suggesting an interaction between the two pathways in the 

skin.  Further analysis revealed that the VDR is required for synergistic β-catenin/LEF-1 

signaling38.  Although these actions can occur in a ligand-independent manner32,39, there 

is evidence that ligand may further contribute to the maintenance of hair follicles180.  This 

study also reports that liganded VDR can activate Wnt target genes in the absence of 

TCF/LEF proteins and thereby promote differentiation of hair follicles180. This is often a 

common theme with protein-protein interactions between these two pathways: in some 

cases, over-expression of the NHR is able to bind and/or modify transcription in the 

presumed absence of its cognate ligand, but ligand always enhances the effect164,170 181,182. 

 

The interactions of these proteins have similar effects in regards to the trans-activation of 

nuclear receptor promoters and WREs.  In the literature, the promoter activity is 

represented by reporter assays of 1) synthetic promoters containing tandem response 

elements, 2) synthetic heterologous promoters, and 3) natural promoters linked to a 

luciferase gene.  For simplicity sake, each reporter will be referred to by the same 
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nomenclature (e.g. VDR response element reporter is VDRE-luc, and estrogen response 

element reporter is ERE-luc, etc.).  Details will be specified only if they are important 

contextually, and more detailed reporter responses can be found in Table 1-3.  

 

The first evidence of a protein-protein interaction came in the form of a ligand-enhanced 

RAR:β-Catenin binding event in CaCo2 cells164.  The effects of this interaction involved 

a 9-cis-retinoic acid (9cRA)-induced 50% decrease in WRE activity that corresponded 

with an >50% synergistic-activation of RARE-luc.  In the same study, they also looked at 

the effects of PPARγ, VDR and RXR ligands on WRE activity and found a modest 

inhibition by 1,25(OH)2D3 at 10-6
 M after 48 hours, only.  They were also unable to show 

β-catenin-mediated synergistic-activation with ER and estrogen on ERE-luc.  These 

authors were the first to propose a competition between TCF and RAR for binding to β-

catenin.  This hypothesis states that in the presence of 9cRA, β-catenin is recruited away 

from TCFs and WREs to RAR and RARE-containing promoters.  This causes a 

simultaneous synergistic-induction of the latter, but also a deactivation, or even 

repression, of the former.  A later study by the same group showed that ΔNTCF-4 further 

potentates β-catenin synergistic-induction of RARE-luc170.  This corroborates the 

hypothesis of competitive binding, since this TCF-4 protein is able to bind DNA, but not 

β-catenin, releasing extra β-catenin and co-activators from WREs for binding by NHRs. 
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In agreement with the competitive binding hypothesis, an important study found 

competition between VDR and TCF-4 for binding to β-catenin171.  This group was able to 

demonstrate by immunoprecipitation, that at as little as four hours after administration of 

1,25(OH)2D3, β-catenin can be found in a complex with VDR, whilst it disappears from 

TCF-4 complexes.  Similar results have been discovered for the androgen receptor 

(AR)165,181-183, which has since been extensively studied as a potential target for hormone-

refractory prostate cancer.  In the initial study, it was found that β-catenin could 

synergistically augment ligand-induced ARE-luc constructs165.  Interestingly, this 

synergistic-activation was possible with non-classical ligands such as androstenedione 

and 17β-estradiol.  Further study has  found direct interactions between β-catenin’s 

armadillo repeat region and AR’s LBD181,183 (Figure 1-7).  Although the binding of AR 

to β-catenin seemed to be contained within armadillo repeats 1-6183,184 mutation analysis 

of the five LXXLL motifs within armadillo repeats 1, 3, 7, 10, and 12 of β-catenin did 

not decrease ligand-induced AR:β-catenin interaction181.  It is important to note that these 

residues may be concealed within the tertiary structure of β-catenin and, thus, are not 

available for binding at all185.  That said, it is now widely believed that NHRs bind to the 

C-terminus of β-catenin, and not the armadillo repeat region as initially thought.  Shah et. 

al. have shown that deletion of the C-terminus (aa 664-781) virtually destroys synergistic 

activation with VDR of a heterologous reporter186. 
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The AR C-terminus is critical for activity in cellulo.  The C-terminus is required for 

androgen-mediated shuttling of β-catenin into the nucleus, as β-catenin has no 

translocation ability on its own.  Both β-catenin and AR have been identified in nuclear 

dots after androgen treatment.  Some dots are composed of both β-catenin and AR, and 

some are found to contain only one of the two proteins.  This indicates that β-catenin and 

AR are not found exclusively as complexes, rather, the AR:β-catenin complexes are 

localized to a particular subset of genes.  Of note, AR belongs to the category of nuclear 

receptors that is found in both the cytoplasm and nucleus in resting cells (Type I NHRs; 

see section 1-2B).  Upon stimulation with androgen, AR is quickly recruited to the 

nucleus.  Incidentally, neither glucocorticoid receptor nor ER, both of which are Type I 

NHRs, is able to shuttle β-catenin into the nucleus upon ligand-stimulation183,184.  This is 

not surprising, since the ER is not typically found in the cytoplasmic pool, and although 

GR is, the literature does not support a direct interaction between β-catenin and GR. 

 

Two, more-detailed studies have identified mechanisms whereby β-catenin preferentially 

binds one partner (TCF/LEF or NHR) over another.  One paper acknowledged the ability 

of NHRs to repress the activity of transcription factors that are not known to associate 

with β-catenin and hypothesized that a common co-activator (besides β-catenin) may be 

responsible for the competitive nature between TCF/LEF and NHRs170.  Since the C-

terminus was shown to be critical for 9cRA-mediated, β-catenin-enhanced RARE-luc 

activity, a co-activator known to bind within this location was a likely candidate.  p300, a 
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protein with histone acetyl transferase (HAT) activity, is known to bind the C-terminus of 

β-catenin as well as RAR.  Inhibition of p300 abrogated the ligand-induced decrease in 

WRE, whilst its over-expression abrogated the ligand-induced increase in RARE-luc.  In 

the follow-up study lysines 671 and 672 within the β-catenin C-terminus were found to 

be acetylated by a complex involving p300.  Mutation of these two residues (mock 

deacetylation) doesn’t affect β-catenin’s ability to bind WREs, however, it does enhance 

its ability to transactivate them186.  Lysine mutation of β-catenin reduces its ability to 

bind VDR.  This implies that p300 imparts preference of β-catenin for binding to either 

VDR or TCF-4 by acetylating β-catenin’s C-terminus.  Of note, prior to this publication, 

another one revealed a p300-mediated acetylation event at residue K345 within armadillo 

repeat 6 of β-catenin187.  In this study, acetylation of β-catenin at this residue was able to 

enhance TCF-4 interaction. 

 

Several reports have indicated that NHR-mediated sequestration of β-catenin/p300 may 

not be the only mechanism by which ligand treatment is able to suppress WREs.  Two 

papers indicate that liganded NHRs are able to up-regulate and/or translocate cell 

adhesion molecules to the cell membrane.  The first of these studies found 9cRA induced 

changes in proliferation, cellular morphology and differentiation in SKBR3 cells188,189.  

The two latter changes could be recapitulated simply by transfecting E-cadherin, but not 

β-catenin, into these cells.  E-cadherin also mediates the morphological changes induced 

by 1,25(OH)2D3 in a particular subset of adherent SW480 cells that express unusually 
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high levels of the VDR171.  Indeed, in response to ligand, this group found a dramatic up-

regulation of E-cadherin mRNA and protein and found that when it localized to the 

membrane, it took β-catenin with it about 16 hours after exposure to ligand171.  This, 

presumably, would also deprive VDRE-luc of its synergistic co-activator, however, since 

this effect is more latent, the transcription of anti-tumor mRNAs will have already been 

substantial. 

The other papers that describe inhibition of WRE activity by means other than 

competitive binding to β-catenin consider the nature of TCF/LEF and NHRs as 

repressors.  A very recent publication identified two proteins that are already well-

characterized as NHR co-repressors in repression of WRE activity143,190,191.  SMRT and 

NCoR were both found to dose-dependently inhibit WRE activity192.  Surprisingly, 

SMRT, NCoR, TCF-4 and β-catenin were all found together at the WREs of several Wnt-

responsive gene promoters including Cyclin D1, Axin2 and DKK1.  With the exception 

of β-catenin, all these proteins are found constitutively bound to the DNA regardless of 

Wnt pathway activation by LiCl treatment.  Importantly, although β-catenin is found in 

complex with the three co-repressors, adding β-catenin to SMRT-repressed WRE-luc did 

not appreciably restore WRE activity, suggesting that repressors, once bound, are not 

easily displaced by β-catenin.  This notion was independently supported by a study that 

found that TCF-4 was able to suppress androgen-induced ARE-luc, an effect which was 

not completely mitigated by the addition of β-catenin173.  Similar to the SMRT/NCoR 

study, AR was found at WREs in Wnt responsive gene promoters173.  Also like the 
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SMRT/NCoR study, this article describes β-catenin, TCF-4 and liganded AR in a 

complex together.  In fact, they showed that TCF-4-bound AR actually recruited β-

catenin to the complex (and not visa-versa). This study also found that TCF-4 binds AR 

in 293, CV-1 and LNCaP cells independently of β-catenin173.  In this system, TCF-4 is 

able to down-regulate DHT-induced activation of several ARE-luc reporters.  A third 

study also supports a ternary complex between β-catenin, TCF-4 and a NHR and is also 

the first report of PPARγ protein-protein interactions with members of the Wnt 

pathway168.  In this study, not only does β-catenin activate PPARγ transcription (PPARE-

luc) but it also binds both TCF-4 and PPARγ in the same complex.  El Tanani et. al. 

demonstrated a physical interaction between TCF-4 or TCF-1 and ER (these complexes 

exclude β-catenin) in Rama 37 rat mammary epithelial cells172.  Interestingly this 

interaction had divergent effects on estrogen-mediated expression of the osteopontin 

(OPN) promoter, which is important in mammary gland development and is implicated in 

tumorigenesis and metastasis.  TCF-4 antagonizes, while TCF-1 stimulates estrogen 

activation of OPN.  Interestingly, Rama 37 cells only express TCF-4, suggesting that the 

repression of OPN lead to the mammary gland epithelial cell fate. 

 

Overall, these studies have revealed several mechanisms whereby interactions between 

the β-catenin and NHR pathways can be beneficial in a cancer context (Figure 1-12).  

The nuclear receptor in question is an important consideration in these interactions.  For 

example, AR activity is considered to be a promoter of prostate cancer, while VDR 
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activity is considered to be an inhibitor of many cancers, including colon.  In prostate 

cancer, the first line of therapy is androgen ablation, which has dramatic, but temporary 

cytotoxic effects on the tumor.  Most of these studies describe an increase in NHR 

activity, which would be cancer-promoting in the context of prostate cancer, but anti-

tumorigenic in the context of colon cancer.  In fact, this may be especially bad in the 

context prostate cancer metastasis to the bone.  It has been shown that androgen-

insensitive prostate cancer cells once co-cultured with preosteoblasts become sensitive to 

androgen again, perhaps via the Wnt pathway193.  Fortunately, some studies have looked 

at the role of TCF-4 in androgen-mediated up-regulation of AR responsive genes and 

have found that it can repress the induction, probably through the recruitment of co-

repressors such as TLE, SMRT and NCoR173,181,182,192.  This phenomenon is also likely to 

be true for other members of the NHR family and is probably the case in normal cells 

where checks-and-balances are still intact. 

 

1-5C. FIGURES AND FIGURE LEGENDS
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Figure 1-12. Mechanisms of inhibition of β-catenin by nuclear hormone receptors.   

The activated Wnt pathway is shown at the top in conjunction with the agonist (A)-

activated nuclear hormone receptor (NHR).  Degrees of transcriptional 

activation/repression are indicated on a scale with + being activation, ++ being increased 

activation, +++ being synergistic activation, and – being inhibition.  (A) TCF and NHR 

compete for binding to β-Catenin.  In the presence of agonist, activated NHR usurps β-

catenin from TCF:β-catenin complexes.  This synergistically activates NHR-responsive 

genes.  At the same time, TCF, in the absence of β-catenin, is able to repress its gene 

promoters.  (B) TCF and NHR compete for co-activators other than β-catenin.  Activated 

NHR recruits p300 away from TCF:β-Catenin complexes, decreasing or inhibiting Wnt 

responsive genes, while enhancing NHR-regulated genes.  (C) β-catenin is recruited to 

adherens junctions.  E-cadherin is a transcriptional target of activated NHRs.  Once it is 

translated, it can recruit cytoplasmic β-catenin to the membrane, preventing it from co-

activating both Wnt responsive genes and NHR responsive genes.  (D) NHRs bind TCF 

and β-catenin.  NHRs can bind to TCF/LEF family members and repress genes by 

recruiting classical NHR co-repressors such as NCoR/SMRT and classical TCF co-

repressors such as TLE.  β-catenin may, or may not be found in the same complex with 

TCF/NHR/co-repressors.  The transcriptional outcome of β-catenin binding the same 

complex is still unclear.  References are enumerated in superscript. 
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Table 1-3: Effect of NHRs on transcriptional activity 
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1-6. STATEMENT OF PURPOSE 

 

The use of the vitamin D pathway in anti-cancer therapy is attractive because it is easily 

activated in vivo by exposure to the right environmental conditions or by ingestion of 

natural or supplemental hormone metabolites.  The severe, dose-limiting, calcemic side 

effects that are experienced by patients given pharmacologic doses for cancer therapy, 

however, warrant basic science and chemical/pharmacologic research to develop 

alternative approaches to utilizing this pathway for anti-cancer purposes while 

circumventing the calcium-related repercussions. Translational research is focused on the 

development of VDR analogs that uncouple these two vitamin D properties, and they 

have been quite successful in treating cells and animal models.  However, the clinical 

trials with these analogs in humans have yet to bear fruit.  Furthermore, although the 

VDR pathway has shown greatest promise in the laboratory as a target for fighting 

cancers of the GI tract, this organ is also the venue for a majority of the calcemic side-

effects.  As such, vitamin D analogs that are useful in treating GI cancers are likely to 

fail.  Thus, we are interested in dissecting the downstream effects of the VDR pathway 

that contribute to an anti-cancer effect in the GI tract in hopes of identifying new targets 

for malignancies in this organ and others.   

 

In this work, we aim to elucidate the mechanism and consequences of 1,25(OH)2D3/ 

VDR regulation of TCF7L2.  We will look at the level at which TCF-4 is regulated 
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(protein and/or mRNA) and seek to identify and validate putative vitamin D receptor 

binding elements that may confer regulation.  We will also consider an indirect 

mechanism of action by inhibiting protein synthesis to determine whether de novo 

proteins are required for this regulation.  We will employ a reporter to see if this TCF-4 

regulation is able to modulate β-catenin activity. 

 

We also aim to elucidate the mechanisms whereby loss of VDR results in silencing of the 

endogenous CYP24A1 promoter.  We will look at individual CpGs within the promoter 

via two methods as well as test whether VDR is precluded from binding to the CYP24A1 

promoter by a methylation event.  We also set forth several hypotheses that will 

contribute to the field of epigenetics. 
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CHAPTER 2: REGULATION OF TCF-4 BY VDR AND 1,25(OH)2D3
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The work presented in Chapter 2 is submitted as follows: 

Beildeck, M.E., Islam M., Shah S., Welsh, J. E., Byers S. W. Regulation of TCF7L2 by 

the Liganded-Vitamin D Receptor in Mammary and Colon Cancer Cells. PLoS ONE. 

Submitted. (2009). 

 

2-1. SUMMARY 

 

Nuclear hormone receptors (NHR), including the VDR, are able to reduce oncogenic β-

catenin activity when bound to agonist.  This mechanism derives from various 

mechanisms of crosstalk including downstream up-regulation of β-catenin antagonist 

proteins; recruitment of β-catenin/p300 away from TCF/LEF-bound promoters to NHR-

bound promoters; and protein-protein interactions between NHRs and TCF/LEF proteins, 

which may decrease transcription by recruitment of co-repressors.  In this work, we 

demonstrate another level of crosstalk between the β-catenin and VDR pathways that 

may impact cancer.  1,25(OH)2D3 increases TCF-4 expression at the mRNA and protein 

levels in a VDR-dependent manner.  This effect is likely mediated via a 

VDR/1,25(OH)2D3-sensitive intermediary.  Treatment with 1,25(OH)2D3 increases 

TopFlash activity after 24-hours, which may translate to changes on endogenous β-

catenin responsive promoters. 
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2-2. SIGNIFICANCE 

 

The mechanisms that relay the anti-cancer properties of vitamin D are still under 

investigation.  The identification of TCF-4 as a new VDR target, albeit a potentially 

indirect target, contributes to the body of knowledge that defines the downstream 

activities of vitamin D and may be a new target for anti-cancer therapies.  Furthermore, 

TCF7L2 may play a significant role in cancer, diabetes, inflammatory bowel diseases as 

well as stem cell biology, in general.  Any information regarding its expression and 

regulation will facilitate understanding of the biology of these diseases and processes and 

may lead to new targets for therapy. 

 

2-3. INTRODUCTION 

Activation of the vitamin D pathway has been associated with a decreased risk in the 

development and progression of many cancers (Reviewed in92). Although epidemiologic 

studies are somewhat incongruous regarding cancer risk as related to serum levels of 

vitamin D and its metabolites, molecular biology supports vitamin D in roles for 

increased apoptosis and cell differentiation, and decreased cell growth.  As vitamin D is a 

compound that is available in the diet, as a supplement, or readily-synthesized by the 

body, it is an attractive candidate for chemoprevention and chemotherapy. Its clinical 

benefit in this capacity, however, is inhibited by dose-limiting hypercalcemia, a side-

effect that develops from the primary role of Vitamin D in calcium homeostasis.  In an 



 70 

effort to utilize vitamin D in the clinic as an anti-cancer agent, while simultaneously 

avoiding its calcemic side-effects, vast efforts have been made to generate vitamin D 

analogs.  While these analogs have shown great promise in vitro and in animal models, 

they fall short in evoking an equivalent response in the clinic.  Furthermore, a successful 

analog may pose a particular problem in the context of colorectal cancer, the third leading 

cause of cancer-related death in men and women.  Although the  evidence for vitamin D 

as an anti-cancer agent in this organ is particularly keen, the GI tract is also one of the 

major organs involved in vitamin D’s calcemic side effects (the other is bone).  As such, 

it may be difficult to uncouple the anti-cancer effects from the calcemic effects of vitamin 

D in the treatment of colorectal cancer.  Thus, it is important to understand the molecular 

mechanisms whereby vitamin D exerts its anti-cancer properties such that new targets can 

be elucidated. 

 

It was first shown in 1999 that nuclear hormone receptors can influence the canonical 

Wnt signaling cascade by interacting with β-catenin164.  This phenomenon may be 

particularly relevant in colon cancer, where 80% of cases are due to misregulation of the 

Wnt pathway194.  This leads to accumulation of activated β-catenin in the nucleus 

(Reviewed in93).  Within the nucleus, β-catenin, in its most quintessential role, it is 

responsible for co-activating the transcription of genes whose promoters are occupied by 

members of the TCF/LEF family.  Some such genes are involved in cell cycle regulation, 

such as c-myc and cyclin-D1, which can contribute to an oncogenic phenotype94,95.  

Treatment of cells with some (but not all) nuclear hormone receptor (NHR) agonists 
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causes a predicted up-regulation of NHR-responsive genes while simultaneously 

decreasing TCF/β-catenin target gene transcription.  This has been attributed to 

competitive binding between TCF and NHRs for β-catenin or common co-activators such 

as p300164,165,171,182,183,186.  A second mode of inhibition of Wnt target gene transcription 

has been attributed to the prevention of β-catenin nuclear translocation by recruiting 

cytoplasmic β-catenin to adherens junctions171,188,189.  Thirdly, there is also evidence that 

NHRs bind to TCF/LEF family members, directly, and may thereby inhibit transcription 

of TCF/β-catenin responsive genes168,172,173,181,184. This is probably due to recruitment of 

co-repressors such as TLE (Groucho) , NCoR and SMRT138,192.  

 

Here we report an additional mechanism of interaction between the β-catenin pathway 

and the vitamin D receptor (VDR) pathway.  To clarify, we will use proper nomenclature: 

TCF7L2 in the context of plasmids, DNA and RNA, and TCF-4 in the context of protein, 

only.  We found that TCF-4 is differentially expressed in cells derived from DMBA-

induced mouse mammary tumors from VDR wild-type (VDR145+/+) and knock out mice 

(VDRK240-/-).  Further exploration revealed a VDR-dependent up-regulation of TCF7L2 

at the mRNA and protein levels by treatment with 1,25(OH)2D3 in CaCo2 cells.  Analysis 

of the human and mouse TCF7L2 promoter predicted several putative vitamin D receptor 

binding elements proximal to the transcription start site (TSS).  Although cloning of this 

promoter region revealed regulation by the VDR/1,25(OH)2D3, subsequent mutation 

analysis, chromatin immunoprecipitation and protein synthesis-inhibition experiments 
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indicate that this effect is likely mediated indirectly, via a different VDR/1,25(OH)2D3-

sensitive intermediary.  Increases in TCF-4 protein levels translate to increased TopFlash 

activity after 24 hours of ligand-treatment.  We propose a mechanism whereby this effect 

may actually inhibit oncogenic activity in cellulo. 

2-4. RESULTS 

2-4A. MOUSE MAMMARY TUMOR CELLS FROM VDR WT MICE EXPRESS MORE TCF-4 THAN 

CELLS FROM VDR KO MICE 

VDR145+/+ and VDRK240-/- cell lines are derived from DMBA-induced mouse 

mammary tumors from wild-type (WT) and VDR-knockout (KO) mice, respectively and 

were described previously195.  Preliminary experiments indicated that TCF-4 was more 

abundant in WT cells than VDR KO cells (not shown).  We performed western blot 

analysis for TCF-4 and confirmed that VDR240-/- cells have very low levels of TCF-4 

compared to VDR145+/+ cells (Figure 2-1A).  We next performed a GST-pulldown assay 

in which we used two constructs of GST-tagged β-catenin.  WT GST-tagged β-catenin 

binds TCF/LEFs via the armadillo repeat region. A second fusion protein that expresses 

GST-tagged β-catenin with mutations at residues 253, 312, and 435 within the armadillo 

region has reduced affinity for TCF/LEFs97.  Consistent with the western blot data, the 

WT fusion protein pulled down more TCF-4 from VDR145+/+ lysates than from 

VDRK240-/- lysates. The mutated fusion protein pulled down much less TCF-4 from the 

VDR+/+ cells and none from the VDR-/- cells (Figure 2-1B).   
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We next used a reporter containing three tandem TCF/LEF binding elements upstream of 

a luciferase gene (OT) to measure TCF/β-catenin activity.  The corresponding control 

reporter (OF) has mutated TCF binding sites and represents background binding.  

Because these cells have low endogenous β-catenin activity, a VP16-β-catenin was co-

expressed with the reporter vectors in all samples.  Consistent with their reduced level of 

TCF-4, VDRK240-/- cells had less β-catenin activity than VDR145+/+ cells (Figure 2-

1C).  This difference was significant but not large and indicates that VDRK240-/- cells 

have other TCF family members that can compensate for TCF-4, and/or the low levels of 

TCF-4 that remain in these cells is sufficient for activation, at least in the context of high 

levels of activated β-catenin 128,196. Co-transfection with exogenous TCF7L2 rescued the 

reduced β-catenin activity in the VDRK240-/- cells (Figure 2-1D).  To determine whether 

this phenomenon was also happening in vivo, we stained normal mammary tissues from 

VDR WT and VDR KO mice for TCF-4.  In concordance with the rest of the data, 

mammary tissues from VDR wild type animals have more prominent staining compared 

to mammary tissues from VDR KO animals (Figure 2-1E).  TCF-4 staining is not 

completely absent in VDR-null mammary glands, although it both less frequent and less 

intense (Figure 1E, bottom right panel).  Preliminary data suggest that a similar 

phenomenon may also be happening in the gastrointestinal tract, although these results 

must be verified (see appendix A Figure A-1) 
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CYP24A1 is the best-characterized, downstream target of the vitamin D pathway and its 

mRNA is exquisitely sensitive to VDR agonists.  CYP24A1 is involved in the 

metabolism of active vitamin D compounds into inactive metabolites. Activity of the 

CYP24A1 reporter was absent and not affected by 1,25(OH)2D3 in mock-transfected 

VDRK240-/- cells and was restored upon transfection of VDR (Figure 2-2A). 

Collectively, these data show that VDRK240-/- cells have lower basal levels of TCF-4 

and that this diminishes β-catenin activity. 

 

2-4B. VDR/1,25(OH)2D3. REGULATES TCF7L2 MRNA AND  PROTEIN IN CACO2 CELLS 

 We next transfected VDRK240-/- cells with human VDR and found that TCF7L2 mRNA 

and TCF-4 protein were unaffected by VDR or 1,25(OH)2D3 (see appendix A: Figure A-

2). Remarkably, even though the activity of the CYP24A1 reporter was sensitive to 

exogenous VDR and 1,25(OH)2D3 in these cells (Figure 2-2A), like TCF7L2, 

endogenous CYP24A1 mRNA was not sensitive (Figure 2-2B). These data indicate that 

VDR knockout cells have long-lived alterations in the ability of endogenous target genes 

to respond to the transient restoration of VDR. As exogenously expressed promoters are 

sensitive this is likely a result of changes in chromatin organization, which cannot be 

reversed by short term expression of VDR and treatment with 1,25(OH)2D3.  

Consequently, to further determine the effects of VDR and its classical ligand on TCF-4 

expression, we used the human colorectal adenocarcinoma cell line, CaCo2.  These cells 

are well-studied in the context of vitamin D signaling and their growth is inhibited by 
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1,25(OH)2D3
197. Furthermore, they are a unique system that mimics normal gut 

epithelium as once they become confluent they differentiate in culture198. These cells 

express VDR, but at lower levels than several other colon cancer cell lines71,174. 

Treatment of near-confluent CaCo2 cells with 10-7M 1,25(OH)2D3 with or without 

transfection of VDR lead to a robust and statistically significant increase in TCF-4 

protein (Figure 2-2C and D).  The effects of 1,25(OH)2D3 are modestly potentiated by 

exogenous VDR but this is likely an underestimate as only 50-60% of the cells are 

transfected. More importantly, this phenomenon is absolutely dependent on the VDR, as 

its knockdown by siRNA inhibits the effects of 1,25(OH)2D3-mediated increase of TCF-

4,  as well as the activity of a VDRE promoter reporter and the induction of CYP24A1 

mRNA (Figure 2-2C-F).  In contrast to VDRK240-/- cells, CaCo2 cells respond to 

1,25(OH)2D3 treatment by increasing TCF7L2 and CYP24A1 mRNA (Figure 2-3).  

Levels were elevated after 4 hours with a maximum induction at 24 h (Figure 2-4A).  

The regulation of TCF7L2 (and CYP24A1) is also subject to cell density, as statistically 

significant differences in TCF7L2 mRNA are only seen at high density (see appendix A 

Figure A-3).  This may be analogous to the modestly potentiated effects of exogenous 

VDR on 1,25(OH)2D3-mediated increase of TCF-4, as CaCo2 cells are known to up-

regulate VDR upon confluence/differentiation199. 
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2-4C. VDR/1,25(OH)2D3 REGULATES THE ACTIVITY OF THE TCF7L2 PROMOTER 

Since TCF7L2 mRNA is regulated by 1,25(OH)2D3 in CaCo2 cells, we scanned the 

mouse and human TCF7L2 genes approximately 4000 base-pairs upstream of the TSS for 

the presence of half-sites that conform to the VDRE consensus RGKTSA (R=A or G, 

K=G or T; S=G or C), or half-sites that deviate from the consensus but that have been 

described as functional VDREs in the literature.  We identified several putative VDREs 

encoded on the TCF7L2 promoter of the mouse gene (Figure 2-5A and 2-6A) and the 

human gene (Figure 2-7A and B).  Since the mouse and the human promoters share more 

than 80% sequence identity in the first ~2000 base pairs (see appendix A Figure A-4), 

we cloned two portions of the mouse promoter into a luciferase construct.  One reporter 

contains the region between +522 and -515-luc bps relative to the TSS and contains the 

5’UTR and the predicted TATA box at -25 bps  and is dubbed -1037-luc (the number 

refers to the distance from the start codon). The -2068-luc reporter spans the region 

between +430 and -1542 relative to the TSS (Figure 2-5A).   The half sites of the -187/-

177 DR4 elements, (two half-sites arranged as direct repeats spaced by four nucleotides 

and numbered based on their distance from the start codon) share one half-site between 

them.  The location, type, sequence and reference for each VDRE can be found in 

Appendix A55,68,69,200-206 (Table A-1A).  Reporter -1037-luc contains the first, putative, 

compound VDRE, only, while the -2068-luc reporter contains all four VDREs.  p53 

decreases the activity of a human TCF7L2 reporter and we found that p53 also inhibited 

the activity of both -2068-luc and -1037-luc mouse reporters207,208 (Figure 2-5B).  

Furthermore, basal activity of the -2068-luc reporter was markedly less than the -1037-
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luc reporter indicating the presence of a strong repressor element in this region (Figure 2-

5B).  In CaCo2 cells, the -1038-luc construct responds modestly, but significantly, to the 

addition of ligand but the effect was not potentiated by exogenous VDR (Figure 2-5C, 

left panel).  In contrast, -2068-luc responds strongly to exogenous VDR but not to 

treatment with 1,25(OH)2D3 (Figure 2-5C, right panel).  These data indicate that VDR 

and treatment with 1,25(OH)2D3 influence the activity of the TCF7L2 promoter but  they 

do not demonstrate that the effect is direct.  

 

2-4D. PUTATIVE VDRES WITHIN THE TCF7L2 PROMOTER ARE NOT IMPORTANT FOR 

REGULATION BY VDR 

To test the hypothesis that the putative VDREs were important in mediating the response 

of the TCF7L2 promoter to VDR the third and fourth nucleotides within each half-site 

(with the exception of the 5’ half site of -187, since the 3’half-site is shared with -178 

VDRE, and was mutated in that construct) were mutated to double alanine residues 

(Figure 2-6A and B). These mutations alter the half sites such that they do not conform 

to the consensus sequence, and should not bind VDR. Mutations were generated such that 

each VDRE (containing two half sites, each) was mutated in all seven possible 

combinations of single mutations, double mutations, and one triple mutation.  

Transfection of these constructs into CaCo2 cells revealed that they retained 

responsiveness to exogenous VDR (Figure 2-6C). Similar results are seen with both the -

2068-luc and the mutated-2068-luc constructs in VDRK240-/- cells (see Appendix A, 
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Figure A-5). We next performed chromatin immunoprecipitation (ChIP) assays to test 

the recruitment of the VDR to the six putative VDREs identified within the human 

TCF7L2 promoter (see Appendix A, Table A-1B).  CaCo2 cells were seeded at high 

density and treated for 4 hours with 10-7M 1,25(OH)2D3.   RXR and VDR were recruited 

to the published VDREs on the CYP24A1 promoter, however, neither were recruited to 

any of the putative VDREs in the human TCF7L2 promoter region (Figure 2-7C).  These 

data, suggest that the increase in TCF7L2 expression is not due to recruitment of the 

VDR to these putative VDREs in the TCF7L2 promoter.  This could mean that either the 

VDR is being recruited to other regions of the genome and controlling the transcription of 

TCF7L2, directly, or it is indirect and mediated through a VDR/1,25(OH)2D3 sensitive 

intermediary. 

 

2-4E. REGULATION OF TCF7L2 BY VDR/1,25(OH)2D3 IS LIKELY MEDIATED BY AN INDIRECT 

MECHANISM 

To test the latter hypothesis, we employed the translation inhibitor, cycloheximide 

(CHX).  CaCo2 cells were pre-treated with different amounts of CHX for 30 minutes and 

then treated with 10-7M 1,25(OH)2D3 for 24 hours (Figure 2-8).  With concentrations as 

low as 12.5 µg/mL, CHX was able to significantly block induction of TCF7L2 mRNA by 

1,25(OH)2D3, indicating the requirement of de novo proteins for this effect (Figure 2-

8A).  The CYP24A1 mRNA induction by 1,25(OH)2D3 is also dramatically inhibited by 
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CHX, but never abolished (Figure 2-8B).  Together, these data imply that the regulation 

of TCF7L2 by VDR/1,25(OH)2D3 is mediated indirectly. 

 

2-4F. 1,25(OH)2D3 INCREASES TOPFLASH REPORTER ACTIVITY 

While the regulation of TCF7L2 is important for many pathologic outcomes, we wanted 

to look at it in the context of cancer.  We chose to look at the effects of 

1,25(OH)2D3/VDR-mediated TCF-4 up-regulation via the classical TopFlash reporter 

system that has been previously described (TopFlash, unlike OT, utilizes a minimum c-

fos promoter).  CaCo2 cells have a somatic APC mutation that allows β-catenin to 

accumulate and translocate to the nucleus.  In the case of over-abundant, active β-catenin 

we can expect an increase in TCF7L2 expression to result in increased TopFlash activity.  

Indeed, we repeated the same VDR titration experiments as described in the TCF7L2 

promoter reporter experiments (Figure 2-5C), using TopFlash, instead, and observed a 

consistent, significant increase in TopFlash activity with 24 hours of 10-7M 1,25(OH)2D3 

in CaCo2 cells (Figure 2-9), that is potentiated by exogenous VDR (Figure 2-3A).  

These data support a role for VDR-dependent, 1,25(OH)2D3-mediated increase of TCF-4 

in mouse mammary and human colorectal tumor cells, the effects of which, may 

differentially regulate β-catenin activity. 

 

2-5. FIGURES AND FIGURE LEGENDS 
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Figure 2-1. VDR145+/+ cells have more basal TCF-4 than VDR240-/- cells.   

(A) Western blot of whole cell lysates from VDR145+/+ (VDR +/+) cells (lanes 1 and 2) 

and VDRK240-/- (VDR -/-) cells (lanes 3 and 4) in duplicate and blotted for TCF-4. (B) 

Pull down of proteins in VDR +/+ and VDR -/- lysates with GST-tagged β-Catenin 

constructs and blotted for TCF-4.  GST-WT-β-catenin is used in lanes 1 and 2.  Mutated 

β-catenin that will not effectively bind TCF/LEF proteins (GST-dTCF-β-Cat) is used in 

lanes 3 and 4.  Beads alone are used in lanes 5 and 6.  Upper band is considered the E-tail 

isoform and the lower band is considered the B-tail isoform of TCF-4. (C) OT activity in 

VDR +/+ and VDR -/- cells transfected with Renilla and VP16-β-catenin.  Data are 

normalized to Renilla. (D) OT activity in VDR +/+ and VDR -/- cells transfected with 

Renilla, VP16-β-catenin and with or without a TCF7L2 plasmid.  Error bars represent 

SEM.  Statistics are student’s t-test. *p<.05; ***p<.0005. (E) Mammary gland tissues 

from VDR wild type (top panel) and VDR-null (bottom panel) mice stained for TCF-4 

shown at three magnifications. 
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Figure 2-2. TCF-4 is increased by 1,25(OH)2D3 in a VDR-dependent manner.   

(A) CYP24A1-luc activity in VDRK240-/- (VDR -/-) and VDR145+/+ (VDR +/+) cells 

were transfected with GFP or VDR and treated with 10-6M 1,25(OH)2D3 or EtOH-control 

for 24 hours as indicated.  (B) RT PCR analysis of mouse CYP24A1 (top panel), mouse 

and human VDR (middle panels) and β-actin (bottom panel) transcripts in response to 

exogenous VDR expression and 1,25(OH)2D3 treatment as described in part A.  (C) 

CaCo2 cells were transfected with different amounts of VDR or siRNA for 24 hours and 

treated with 10-7M 1,25(OH)2D3  for a subsequent 24 hours, as indicated, and blotted for 

TCF-4.  The upper band is considered the E-isoform and the lower band is considered the 

B-isoform of TCF-4.  NT: Non-targeting.  (D) Densitometry analysis of three western 

blots as produced as in part C.   Data were plotted relative to each EtOH-treated control.  

Numbers represent p-values as generated by one-tailed t-test. (E) CaCo2 cells were 

transfected with for 24 hours with VDRE-luc, Renilla and siRNA and treated for a 

subsequent 24 hours with 10-7M 1,25(OH)2D3 as indicated. (F) CaCo2 cells were 

transfected with siRNA for 24 hours and treated for a subsequent 24 hours with 

1,25(OH)2D3 or EtOH as indicated.  CYP24A1 transcripts were assayed by qPCR.  Data 

are normalized to GAPDH expression and plotted relative to each EtOH control. 
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Figure 2-3.  The effect of 1,25(OH)2D3 on TCF7L2 mRNA expression in CaCo2 cells. 

(A) qPCR analysis of CaCo2 cells transfected and treated as described in figure 2-2C.  

qPCR analysis of TCF7L2 (top panel) and CYP24A1 (bottom panel) transcripts.  Data are 

normalized to GAPDH and plotted relative to each EtOH-treated control. p-values are 

derived from student’s t-test comparison between EtOH and D3 controls. 
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Figure 2-4.  Time course of TCF7L2 in response to 1,25(OH)2D3. 

CaCo2 cells were treated at different time points with 10-7M 1,25(OH)2D3 up to 48 hours 

before collection.  mRNA for TCF7L2 (top panel) and CYP24A1 (bottom panel) was 

assayed by qPCR. Data were normalized to GAPDH and plotted as fold change relative 

to the 0 Hr time point.   
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Figure 2-5. Mouse TCF7L2 promoter reporter constructs respond to p53 and 

1,25(OH)2D3.   

(A) Two mouse TCF7L2 promoter constructs were cloned upstream of a luciferase 

reporter. Both promoters contain the predicted TATA box at -25, relative to the 

transcriptional start site.  Reported transcripts have variable transcription start sits, thus, 

for easy identification, VDREs and reporters are numbered relative to their distance from 

the start codon, not the transcription start site.  The -177 and -187 VDREs are 

overlapping and share a half-site between them.  The -1037 construct (-1037-luc) 

contains the region from +522 to -513 (relative to the TSS) and possesses the -177/-187 

VDRE, only, while the -2068 reporter (-2068-luc) contains the region between +430 and 

-1542 (relative to the TSS) of the mouse TCF7L2 promoter and possesses all four 

putative VDREs.  (B) CaCo2 cells were transfected for 24 hours with Renilla, reporters 

as well as different amounts of p53 as indicated.  Data are normalized to Renilla and to 

empty reporter expression.  (C) -1038-Luc or empty vector constructs were transfected 

into CaCo2 cells with Renilla and different amounts of VDR, as indicated. 24 hours after 

transfection, cells were treated for an additional 24 hours with 10-7M 1,25(OH)2D3 or 

EtOH vehicle control. (D) CaCo2 cells were transfected, treated and analyzed as in part C 

using -2068-luc instead of -1038-luc.  Statistics are two-way ANOVA: for -1037-luc, 

differences between treatment groups; for -2068-luc, differences among amount of VDR-

transfected. *p<.05 and *** p<.0001. Error bars are SEM. 
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Figure 2-6. Putative VDREs within the mouse TCF7L2 promoter are not important 

for 1,25(OH)2D3/VDR-mediated increase of TCF7L2.    

(A) Graphical representation of the four putative VDREs within the first ~1500bps of the 

mouse TCF7L2 promoter and their sequences.  DR3: direct repeat interspersed by three 

nucleotides.  2xDR4: two, overlapping direct repeats interspersed by four nucleotides. 

Although the putative VDREs are encoded on the non-coding strand, their sequences are 

written in reverse-complement such that the VDREs can be identified as conforming to 

the RGKTSA consensus (R=A or G; K=G or T; S=G or C).  (B) Primers designed to 

mutate the two central bps of each hexameric repeat (except the 5’ -187 half-site) to an 

‘AA’ residue.  Mutations were made in all combinations (single, double, and triple 

mutations) although the results of only the triple-mutation are shown in part C.  top 

sequences: -1502; middle sequences: -1153; bottom sequences -187/-177. (C) -2068-luc 

construct containing all three sets of half-site mutations (d1502/d1153/d177) was 

transfected into CaCo2 cells and treated with ligand as described in Figure 2-5C, using 

only three concentrations of exogenous VDR.  Statistics represent analysis using two-way 

ANOVA: *p<.05. 
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Figure 2-7. Putative VDREs within the human TCF7L2 promoter recruit neither 

VDR nor RXR.  

(A) Depiction of the six putative VDREs identified within 4000 bps upstream of the start 

codon of the human TCF7L2 promoter region and are named relative to their distance 

from the start codon (+ being downstream, and – being upstream). All regions except +88 

(marked with ^) are encoded on the non-coding strand.  (B) Chromatin 

immunoprecipitation of VDR and RXR-bound DNA fragments from CaCo2 cells treated 

for 4 hours with 10-7M1,25(OH)2D3 (D) or EtOH (E).  The regions that amplify VDRE-

containing regions are denoted along the top of the lanes.  The CYP product amplifies a 

region of the CYP24A1 promoter that is known to bind VDR and RXR in the presence of 

ligand and serves as a positive control.  IgG represents non-specific amplification.  Input 

demonstrates equal material used in each sample. 
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Figure 2-8. Cycloheximide treatment abolishes 1,25(OH)2D3-induced TCF7L2 

mRNA induction.   

CaCo2 cells were pre-treated for 30 minutes with different concentrations of the protein 

synthesis inhibitor, Cycloheximide (CHX) before addition of 10-7M 1,25(OH)2D3 or 

EtOH for 24 hours, as indicated. Analysis of mRNA abundance of TCF7L2 (top panel) 

and CYP24A1 (bottom panel) was assayed by qPCR.  *: p<.05 via student’s t-test for 

significant differences between D3 versus EtOH treated cells.  All other samples in the 

TCF7L2 group are not significantly different. Error bars represent SEM. 
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Figure 2-9.  CaCo2 cells up-regulate TopFlash activity in response to 24-hour 

treatment with 1,25(OH)2D3.   

CaCo2 cells were transfected for 24 hours with TopFlash, Renilla and different amounts 

of VDR and treated for a subsequent 24 hours with 10-7M 1,25(OH)2D3.  Luciferase data 

were normalized to Renilla and FopFlash and plotted relative to each EtOH-treated 

control sample.  p-values reported are from student’s t-test. Error bars are SEM. 
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2-6. DISCUSSION 

Vitamin D has shown great promise as an anti-cancer agent in both molecular and animal 

studies, as well as some epidemiological studies (Reviewed in209).  In an effort to 

uncouple the anti-cancer effects of vitamin D from the calcemic effects that limit its 

usefulness in the clinic, many labs are dissecting its downstream activities.  Several 

molecular mechanisms that contribute to the potential therapeutic action of vitamin D 

involve interactions with the β-catenin pathway.  A direct interaction between β-catenin 

and a NHR, in this case, retinoic acid receptor was first described in 1999164.  Since then, 

many studies have found similar interactions for androgen receptor165,182,183, peroxisome 

proliferator activated receptor168, and VDR171,186.  These studies show that the NHR and 

TCF/LEF family members compete for binding to β-catenin and/or common co-

activators, such as p300.  In the presence of ligand, the β-catenin and/or p300 favors 

binding to the NHR, causing a synergistic up-regulation (in conjunction with NHR 

ligand) of NHR-regulated genes, as well as a simultaneous down-regulation of TCF/β-

catenin responsive genes.  Cadherins have also been described as downstream targets of 

NHR pathways171,188,189.  Cadherins prevent nuclear localization of β-catenin by 

recruiting it from the cytoplasm to adherens junctions in the membrane, causing a 

putative, latent inhibition of TCF/β-catenin activity as well as a return to ‘normal’ levels 

of ligand-activation of NHR-responsive genes.  Yet a third mechanism involves the 

binding of NHRs to TCF/LEF family members168,172,173,181,184.  Many of these assays 

support TCF/LEF family members in their repressor role, likely by recruitment of other 
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co-repressors such as TLE and NCoR and SMRT138,192.  Furthermore, it has been shown 

that once TCF/LEFs are bound by co-repressors, they are not easily displaced by 

activated β-catenin173,192. 

 

The present study describes another mode of crosstalk between the VDR and β-catenin 

pathways by demonstrating that TCF7L2/TCF-4, itself, is regulated by 

VDR/1,25(OH)2D3. Surprisingly, considering the central role of TCF7L2 in stem cell 

biology, cancer and diabetes virtually nothing is known of its regulation207,208,210,211.  Our 

initial efforts to use cells null for the VDR were thwarted by their unexpected 

unresponsiveness to ligand.  We, thus, switched systems to CaCo2 cells, a cell line that is 

well characterized in the context of vitamin D research.  These cells increase TCF7L2 

mRNA and (TCF-4) protein in response to 1,25(OH)2D3, an effect that is dependent upon 

the VDR.  Since VDR is a transcription factor, we searched for putative VDREs within 

the promoters of both the human and mouse gene and although we identified numerous 

binding elements, none were important in the regulation of TCF7L2 by 

VDR/1,25(OH)2D3.  Inhibition of protein synthesis abolishes 1,25(OH)2D3-mediated 

induction of TCF7L2 mRNA, indicating that protein synthesis is required for this effect.  

Although this implies that the VDR/1,25(OH)2D3 is directly regulating a modulator of 

TCF7L2 expression, we cannot completely preclude a direct mechanism of activation, 

given that the VDR may still be binding to unidentified VDREs within the TCF7L2 

promoter region or even in enhancer elements far upstream or within intronic 

sequences52,53,53-55,55.  Furthermore, the induction of CYP24A1 mRNA is also drastically 
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limited by the inhibition of protein synthesis.  Since CYP24A1 is a documented direct 

target of the VDR pathway, its similar response may indicate that the same is true for 

TCF7L2.  Interestingly, analysis of the CHX data by plotting them relative to a single 

control (0µg/mL CHX, EtOH) shows that rather than blocking the effects of 

1,25(OH)2D3, low concentrations of CHX markedly increased basal TCF7L2 levels (see 

Appendix A, Figure A-6). Addition of 1,25(OH)2D3, did not increase TCF7L2 over the 

already elevated basal levels.  In contrast, 1,25(OH)2D3-stimulated CYP24A1 expression 

was reduced by CHX. These data, along with the repressor element between -1037 and -

2068 in the reporters (Figure 2-5B), suggest that TCF7L2 may normally be repressed by 

a short-lived factor that requires continued protein synthesis.  Perhaps VDR/1,25(OH)2D3 

acts to prevent this repressor’s action or synthesis or to promote its catabolism. 

 

The impact of increased TCF-4 was of particular interest in the context of CaCo2 cells, 

since they harbor a somatic APC mutation that allows abundant, activated β-catenin to 

accumulate in the nucleus.  We employed the commonly used TopFlash reporter to 

measure β-catenin activity.  As may be predicted, treatment of CaCo-2 cells for 24 hours 

with ligand caused a modest but consistent increase in TopFlash activity that is 

potentiated by exogenous VDR.  This is likely due to the increase in TCF-4 protein seen 

with 1,25(OH)2D3 treatment and the potentiation of this increase seen with exogenous 

VDR.  Although TopFlash is an excellent model for predicting in vivo regulation of β-

catenin activity, it doesn’t respond to different isoforms of TCF/LEF family members.  
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This, as well as the lack of an endogenous promoter context, does not tell us how β-

catenin responsive genes will behave in cellulo.  We propose a model whereby in the 

context of normal cells, or in cancers that do not have abundant activated β-catenin, an 

up-regulation of TCF-4 would enhance repression of endogenous TCF/β-catenin 

responsive genes.  This effect would, in conjunction with, and further enhanced by, the 

additional modes of NHR-induced of repression of TCF/β-catenin activity already 

identified in the introduction (Figure 1-12).  Although β-catenin is typically associated 

with a cancer promoting phenotype, there are some instances where β-catenin is 

associated with an anti-cancer phenomenon. Sulindac and Butyrate, both of which are 

ascribed anti-cancer properties in the colon212,213 also stimulate β-catenin activity.  

Butyrate is hypothesized to facilitate induction of apoptosis in a number of colon 

carcinoma cell lines, an effect that is thought to be partially mediated by β-catenin 

activity214.  Interestingly, CaCo2 cells were one of the only cell lines that did not respond 

to butyrate by up-regulating TCF/β-catenin activity.  CaCo2 cells, unlike the others 

assayed, do not undergo apoptosis, rather differentiation, in response to butyrate 

treatment214.  In the presence of vitamin D agonists CaCo2 cells do undergo apoptosis215. 

Thus, the up-regulation of TCF-4 by 1,25(OH)2D3 in CaCo2 cells that we report, here, 

may facilitate 1,25(OH)2D3-induced apoptosis that is analogous to butyrate in other colon 

cancer cell lines.  A unique follow up to the butyrate-induced increase in TCF/β-catenin 

activity showed that butyrate also induced initiation of c-myc transcription in SW837 

cells, presumably as a direct result of increased TCF/β-catenin activity.  The elongation 
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of this transcript, however, was halted by treatment with butyrate, such that overall c-myc 

transcripts were reduced216.  These data indicate that β-catenin activity may be required 

for some anti-cancer effects, and that the pro-cancer effects may be mitigated by a 

simultaneous transcription-blockage mechanism.  Furthermore, in colorectal cancer cells 

that have overactive β-catenin, TCF-4 is known to be growth inhibitory, as RNAi-

mediated disruption of expression facilitates β-catenin activity and cell growth in both 

DLD-1 cells (APC mutation) and HCT116 cells (activating β-catenin mutation)135. 

 

It is of particular interest to determine the downstream mediator of 1,25(OH)2D3-induced 

up-regulation of TCF-4.  Understanding the regulation of TCF7L2 may have implications 

other than in the context of cancer research.  The TCF7L2 locus has recently been found 

by many groups to show linkage disequilibrium with type 2 diabetes in many populations 

(reviewed in217).  It is currently not understood what the risk alleles convey about the 

TCF-4 protein with respect to its abundance, and an obvious role for the protein in this 

disease is not clearly defined, however, it seems to be of importance.  Incidentally, 

1,25(OH)2D3 has also been implicated in a protective role against type 1 and type 2 

diabetes218-220, and the 1,25(OH)2D3/VDR-mediated regulation of TCF-4 we show, here, 

may play a role in disease establishment, progression, and treatment.  Lack of TCF-4 has 

also been associated with Ileal Crohn’s disease, due down-regulation of TCF-4-

responsive proteins involved in the protective response to bacteria 221.  Crohn’s is not 

only a debilitating disease, but it is also believed to be a precursor to GI cancer 
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(Reviewed in222).  The discovery of a regulator of TCF-4 expression is a step in the right 

direction towards understanding these diseases and finding novel ways to treat them. 

 

2-7. MATERIALS AND METHODS 

2-7A. CELL LINES AND PLASMIDS 

VDR145+/+ and VDRK240-/- cells were a kind gift from Dr. JoEllen Welsh.  They are 

maintained in DMEM-F12 (1:1) (Invitrogen Cat. #11330-032) supplemented with 5% 

FBS.  CaCo2 cells were obtained by the ATCC and maintained in DMEM (Invitrogen 

11995-065) supplemented with 5% FBS.  VP-16 β-catenin was generated as described186. 

Wild-type VDR and VDRE-luc plasmids were a kind gift from Dr. Dino Moras34.  The 

CMV-p53 construct was a kind gift from Dr. Maria Laura Avantaggiati.  The TCF7L2 

plasmid as well as the TopFlash and FopFlash were a kind gift from Dr. Marc van de 

Wetering145.  pcDNA3.1 is available from Invitrogen (cat. # V79020).  Genomic DNA 

was harvested from VDR145+/+ cells and used to amplify the mouse TCF7L2 promoter 

with the following primers: -2068-luc: 5’-GGA CTG TGA TTC TCA CCC G-3’ 

(forward), and 5’CCC CAA AAA AAT ACT GCA AGA A-3’ (reverse) using 

Invitrogen’s Platinum Taq PCR amplification kit (Cat # 10966-018) and TA cloned into 

pCR8/GW/TOPO vector (Cat # K250020SC) . Recombination with a Gateway-compliant 

pGL3 expression vector, a kind gift from Dr. Riddhish Shah and was made as 

described223, was performed with LR-Clonase (Invitrogen Cat # 11791-019).  Candidate 
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clones were sequenced with RV3 (5’-CTA GCA AAA TAG GCT GTC C-3’) and 

GLprimer2 (5’- CTT TAT GTT TTT GGC GTC TTC C-3’) primers.  The -1037-luc 

construct was generated with the following primers: (XhoI site added) 5’-CTC GAG 

GAG AGG TAA GCC TTC TTT TGG AC-3’ (forward); (HindIII site added) 5’-AAG 

CTT CAG CAG CAA TTT TGG AAG AAA AAT GA-3’ (reverse).  Both amplicon and 

pGL3-Luc-Promoter were digested with HindIII and XhoI (digestion with these two 

enzymes removes the SV40 promoter, making this plasmid analogous to pGL3-Luc-

Basic) and cloned into these regions.  All plasmids were used at a concentration of 

.5µg/µL. 

2-7B. WESTERN BLOTS 

Caco-2 and VDRK240-/- cells were seeded to ~70% confluency and transfected with the 

indicated amounts of VDR, pcDNA3.1, or siRNA against VDR (Dharmacon Cat # LQ-

003448-00) or a non-targeting siRNA (Dharmacon Cat #D-001810-10) using 

Lipofectamine 2000 (Invitrogen, Cat. #11668019) according to the manufacturer’s 

recommendations.  Cells were harvested in ice-cold RIPA buffer (50mM Tris-HCl, pH 

8.0, 150 mM NaCl, 1% NP-40, .5% sodium deoxycholate, 1mM EDTA, .1% SDS,) 

supplemented with protease inhibitor cocktail (Roche Cat # 11836153001, plus 1mM 

sodium vanadate, and 50mM sodium fluoride) with shaking for 15 minutes.  After cell 

scraping, lysates were drawn three times through an 18 Gauge needle and the insoluble 

fraction was removed by centrifugation at 21,000g for 10 minutes at 4°C.  Proteins were 

quantified via Bradford Assay (BioRad Cat. #s 500-0113, 500-0114, 500-0115).  10µg of 
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protein were separated on 4-12% Bis-Tris gels (Invitrogen Cat. #NP0336) with MES 

buffer (Invitrogen Cat. # NP0002) and transferred to Protran nitrocellulose (Whatman 

#10401396).  Blots were blocked for at least an hour in 5% non-fat milk solution made 

up in PBS plus .1% Tween  20 (PBST), and then incubated overnight at 4°C with 1:500 

dilution of the following antibodies: TCF7L2 (Upstate Cat #05-511), VDR (Santa Cruz 

Cat. # sc-13133), GAPDH (Fitzgerald Cat. #10R-G109A). In the case of GAPDH,  

dilutions were 1:10,000 for 1 hour at room temperature.  Blots were washed at least three 

times for 5 minutes each in PBST, followed by incubation with affinity-purified, 

peroxidase-labeled IgG secondary antibody (goat-anti-rabbit: KPL, Cat. # 074-1506; 

goat-anti-mouse: KPL, Cat. #074-1806) diluted in 5% non-fat milk in PBST.  Blots were 

exposed via chemiluminescence (GE Healthcare # RPN2106, Millipore Immobilon Cat # 

WBKLS0050). 

 

2-7C. GST PULLDOWN 

GST fusion proteins were generated and attached to GST beads as described224.  500µg of 

protein from whole cell lysates of VDR145+/+ and VDRK240-/- cells (harvested as 

described in Western Blot) were incubated with 20uL of bead-bound GST-β-catenin, 

GST-dTCF-β-Cat-, or beads alone for 4 hours at 4ºC.  Beads were collected by 1-minute 

centrifugation at 3000rpm.  Beads were washed three times with 500µL of cold RIPA 

buffer.  Proteins were eluted in 30µL of sample buffer by heating at 92ºC for 3 minutes.  
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Proteins were separated on a polyacrylamide gel and processed as described in Western 

Blot. 

 

2-7D. LUCIFERASE ASSAYS 

2-7D1. OT/OF IN VDRK240-/- AND VDR145+/+ CELLS 

100,000 cells were seeded in 12-well plates.  150ng of reporter, 40ng of Renilla and 

100ng of VP16-β-catenin, TCF7L2, or both, were transfected into the cells via 

Lipofectamine PLUS (Invitrogen Cat. #10964-013) according to the manufacturer’s 

protocol.  48 hours after transfection, proteins were collected with 300µL Passive Lysis 

Buffer. 

2-7D2. ALL OTHER LUCIFERASE ASSAYS 

CaCo2 and VDRK240-/- cells were seeded in a 24-well plate to 70% confluency and 

allowed to adhere overnight.  Cells were transfected using Lipofectamine 2000 at the 

recommended dilution.  All plasmids were diluted to .5mg/mL so that equal volumes 

were transfected.  Cells were transfected with a total of .8µg of DNA per well (CaCo2: 

.2µg Reporter, .02µg TK-Renilla, .6µg VDR, pcDNA3.1, or ratio combination of both, or 

p53; VDRK240-/-: .4µg Reporter, .04µg TK-Renilla, .4µg VDR, pcDNA3.1 or ratio 

combination of both, or p53).  Lipid complexes were removed after four hours and 

replaced with complete media.  Cells were treated 24 hours after transfection with 10-7M 

1,25(OH)2D3 (Sigma Cat. #D1530) or an equal volume of ethanol (EtOH), the vehicle 
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control, in DMEM:F12 plus 5% charcoal stripped FCS.  Lysates were harvested by 

incubating with 70µL Passive Lysis Buffer at room temperature for 15 minutes. 

Detection reagents are components of the Dual Luciferase Kit (Promega Cat. #E1960) 

and samples are read on a standard luminometer (Berthold).  Results were normalized for 

transfection efficiency by dividing Luciferase readout by Renilla readout.  Background 

reporter activity was accounted for by subtracting FopFlash from TopFlash, and empty 

vector control from TCF7L2 reporter constructs.  Data were plotted with GraphPad, 

Prism, and subjected to two-way ANOVA (differences between amounts of VDR) or 

student’s t-test (differences between treatment groups) to test for significant differences 

among samples. 

 

2-7E. QUANTITATIVE PCR 

2-7E1. EXOGENOUS VDR AND 1,25(OH)2D3 TREATMENTS 

CaCo2 and VDRK240-/- cells were seeded in six-well plates to a confluency of 70-80%.  

Cells were transfected with a total of 4µg of DNA (VDR, pcDNA3.1 or a mixture 

thereof).  24 hours after transfection, cells were treated for an additional 24 hours with 

10-7 1,25(OH)2D3 in 5% charcoal-stripped FCS.  Total RNA was harvested using .5 mL 

of Trizol reagent (Invitrogen Cat #15596-018) followed by shaking with 100µL of 

chloroform and 20 minutes at 21,000g and 4°C.  RNA was precipitated by adding an 

equal volume (300µL) of 100% EtOH to the aqueous phase.  RNA was captured, cleaned 

and eluted using RNeasy Kit (Qiagen Cat # 74106). Total RNA was diluted to uniform 



 108 

concentration (80ng/µL).  RNA was subjected to reverse transcription PCR with Applied 

Biosystems TaqMan Reverse Transcription Reagents Kit (Cat #N8080234).  Subsequent 

cDNA was used in an amplification reaction using Applied Biosystems TaqMan 

Universal Master Mix (Cat #4304437) with the following primer/probes: human 

CYP24A1 (Hs00167999_m1) , human TCF7L2 (Hs01009053_m1), human GAPDH 

(Hs99999905_m1), mouse TCF7L2 (Mm01261075_m1), mouse CYP24A1 

(Mm00487244_m1), mouse  β-actin (Mm01205647_g1).  Data were normalized to the 

housekeeping gene (GAPDH or β-actin) and fold change was plotted as an average of at 

least three biological replicates.  Error bars represent SEM. 

 

2-7E2. DENSITY EXPERIMENT 

CaCo2 cells were seeded in 6-well plates at the following concentrations: Low density: 

200,000 cells/well (20% confluent); Medium density: 500,000 cells/well (50% 

confluent); High density: 1,000,000 cells/well (70% confluent).  Cells were allowed to 

adhere overnight and then treated for 24 hours with 10-7 1,25(OH)2D3.  Total RNA was 

harvested and subjected to qPCR as described. 

 

2-7E3. CYCLOHEXIMIDE ASSAY 

CaCo2 cells were seeded at 70% confluency.  CHX was dissolved in 100% EtOH at a 

final stock concentration of 25mg/mL immediately before use.  DMEM supplemented 
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with 5% charcoal-stripped FCS was spiked with CHX (or an equal volume of 100% 

EtOH) to a final concentration of 200µg/mL.  From this, serial dilutions were made down 

to 12.5µg/mL.  Cells were pre-treated for 30 minutes with different concentrations of 

CHX before the addition of 10-7 M 1,25(OH)2D3 or EtOH for 24 hours.  RNA was 

harvested and subjected to qPCR as described. 

 

 

2-7F. SITE-DIRECTED MUTAGENESIS 

Site-directed mutagenesis was performed using Stratagene’s QuikChange II kit (Cat # 

200523-5).  Primers were designed to mutate the two central nucleotides of each hexamer 

(bold) to two thymidine residues (underlined).  The sequences reported in the text figures 

are the reverse complement (non-coding strand).  The reverse compliment of each primer 

was also used in the PCR-based reaction.  The sequences of the forward primers are as 

follows: 

-180VDRE: ttcccctcccctcctttctcttttcttctccccaggagag;  

-1156VDRE: ggataaaacgccttcttgttatatttattctagtgggactttacattgaatg;  

-1505VDRE: cctaataaccaacaaacttccatctcttctcccagggctgcccacc 

 

2-7G. CHROMATIN IMMUNOPRECIPITATION 

CaCo2 cells were seeded to 80% confluency in 15cm dishes and allowed to adhere 

overnight.  Cells were treated for four hours with 10-7M 1,25(OH)2D3.  Proteins and 
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nucleic acids were crosslinked by adding formaldehyde to a final concentration of 1% 

and incubated for 15 minutes at 37°C.  Crosslinking was stopped by adding .125M 

glycine (in PBS with protease inhibitor tabs, Roche Cat #04693116001) for five minutes.  

Cells were washed twice with cold PBS plus protease inhibitor tabs, and scraped into 

2mL PBS.  Cells were pelleted and re-suspended in 200µL of SDS lysis buffer (1% SDS, 

10mM EDTA, 50mM Tris-HCl pH 8.1).  Cells were sonicated thrice at 15 seconds pulse-

45 seconds ice at power level three on a Microson Ultrasonic Cell Disruptor (Model 

XL2007).  Volumes were brought up to 2mL by adding 1.8 mL of ChIP Dilution Buffer 

(.01% SDS, 1.1% Triton X 100, 1.2mM EDTA, 167 mM NaCl, 16.7 Tris-HCl, pH 8.1) 

plus protease inhibitors.  Protein concentration was assayed via Bradford Assay as 

described in the Western Blot section.  300µg of protein were pre-cleared for 2 hours at 

4°C with rotation using 50uL salmon sperm DNA/BSA/protein A agarose beads 

(Millipore Cat #16-157) plus .3µg rabbit pre-immune serum (Thermo Scientific Cat 

#31884).   Beads were removed by centrifugation for 5 minutes at 500xg.  Input controls 

were collected at this time.  1 mg of the following antibodies was added to each pre-

cleared sample and rotated overnight at 4°C: rabbit-anti-VDR (Santa Cruz Cat. # sc-

1008), rabbit IgG (control) (Santa Cruz Cat. # sc-2027), rabbit-anti-RXR (Santa Cruz Cat 

# sc-553.  Antibodies were pulled down by the addition of 50uL protein A beads and 

rotation for 2 hours at 4°C.  Bead/antibody/protein/DNA complexes were pelleted at 

500g for 2 minutes and washed by five-minute rotation with 1mL of the following wash 

buffers: once with low salt  buffer (.1% SDS, 1% Triton X 100, 2mM EDTA, 20mM 
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Tris-HCl pH 8.1,  150mM NaCl); once with high salt buffer (1% SDS, 1% Triton X 100, 

2mM EDTA, 20mM Tris-HCl pH 8.1,  500mM NaCl); once with LiCl buffer (.25M LiCl, 

1% NP40, 1% deoxycholate, 1mM EDTA, 10mM Tris-HCl pH 8.1), twice with TE 

buffer (10mM Tris-HCl pH 8.1, 1mM EDTA).  Proteins were eluted with 2x15 minute 

rotations in 100 µL of 1% SDS, 0.1 M NaHCO3.  Crosslinking was reversed by 

incubation of eluates with NaCl (final concentration .2M) at 65°C overnight.  Proteins 

were subsequently digested by addition of proteinase K (final concentration is 40µg/mL) 

(Amresco Cat. # E195-5mL) for 1 hour at 45°C.  DNA was purified using Qiagen PCR 

Purification Module (Cat # 28106) according to the manufacturer’s protocol.  Eluates 

were used as templates in the amplification of regions of the human CYP24A1 and 

TCF7L2 promoters containing the putative VDREs with primers as listed:  

hTCF7L2 VDRE +88F, 5’-GGA GGA GCT GTT TTG ATT CG-3’;  

hTCF7L2 VDRE +88R, 5’-AAG ACC CCC AAG CAG AAA AA-3’; 

hTCF7L2 VDRE -162F, 5’-TTT TTC TGC TTG GGG GTC TT-3’;  

hTCF7L2 VDRE -162R, 5’-TCC TTG GGA ACG AGA GAA AA-3’;  

hTCF7L2 VDRE -685F, 5’-GGG GCG GCT AAC AAT GAT-3’;  

hTCF7L2 VDRE -685R, 5’-ATT GTC TTT CTG AAA CCG CC-3’,   

hTCF7L2 VDRE -808F, 5’-GGC GGT TTC AGA AAG ACA AT-3’; 

hTCF7L2 VDRE -808R, 5’-CCC AAG TGG GCT TTC CTT-3’;  

hTCF7L2 VDRE -3656F, 5’-GCG AGA CTC CGT CTC AAA AA-3’,   

hTCF7L2 VDRE -3656R, 5’-CCT GGC TCA GGC TAA AGT CA-5’;  

hTCF7L2 VDRE -3827F, 5’-CCA AAT GGC AGA GAT TTG AA-3’;  
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hTCF7L2 VDRE -3827R, 5’-TGC CTT CCT CCC AAA ATA TG-3’,  

hCYP24 ChIP F: 5’-CGA AGC ACA CCC GGT GAA CT-3’,  

hCYP24 ChIP R: 5’-CCA ATG AGC ACG CAG AGG AG-3’. 

 

2-6H. IMMUNOHISTOCHEMISTRY 

Immunohistochemical staining of mammary gland and colon tissue was performed for 

TCF-4. Five micron sections from formalin fixed paraffin embedded tissues were 

deparafinized with xylenes and rehydrated through a graded alcohol series . Antigen 

retrieval was performed by immersing the tissue sections at 98oC for 20 minutes in 10 

mM citrate buffer (pH 6.0) with 0.05% Tween.  Immunohistochemical staining was 

performed using the VectaStain Kit from Vector Labs (Cat. # PK-4005) according to 

manufacture’s instructions.  Briefly, slides were pretreated with 3% hydrogen peroxidase 

and 10% normal goat serum and exposed to a 1:1000 dilution of primary antibodies for 

TCF-4 (goat polyclonal N-20 clone; Santa Cruz, Cat. # sc-8631) for 1 hour at room 

temperature.  Slides were exposed to biotin-conjugated anti-goat secondary antibodies, 

Vectastain ABC reagent and DAB chromagen (Dako Cat. # K3466) to detect horseradish 

peroxidase. Slides were counterstained with Harris Modified Hematoxylin (Fisher, Cat. # 

SH30-4D) at a 1:17 dilution for 2 minutes at RT, blued in 1% ammonium hydroxide for 1 

minute at RT, dehydrated, and mounted with Acrymount (Fisher Cat. # NC9913736).  

Consecutive sections with the omitted primary antibody were used as negative controls. 
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Slides were imaged on a Nikon E600 Upright Epi-Fluorescence Microscope System 

using Nuance Multispectral camera. 
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CHAPTER 3: EMBRYONIC ABSENCE OF THE VDR CAUSES 

SILENCING OF CYP24A1: A HYPOTHESIS
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3-1. SUMMARY 

 

The hypothesis regarding chromatin marks and gene silencing was first generated almost 

20 years ago and has been born out by a profound amount of supporting research.  

Although much has been discovered regarding histone modifications and DNA 

methylation, much is controversial, and there are many questions left unanswered.  The 

work presented here serves to summarize the significant findings regarding DNA 

methylation and to present work that has led to supporting evidence in the controversial 

hypothesis that stretches of DNA are protected from DNA methylation by occupation of 

its promoters by proteins.  In our work, we found that mouse cells that have prolonged 

absence of the VDR are unresponsive to 1,25(OH)2D3 upon reintroduction of exogenous 

VDR. Treatment of these cells with 5’Azacytidine (a DNA Methyl Transferase inhibitor), 

but not Trichostatin A (a Histone Deacetylase inhibitor) re-sensitizes these cells to ligand.  

Although we were unable to detect subsequent differential methylation at the CYP24A1 

promoter, we hypothesize that the presence of the VDR in the absence of ligand serves 

not only to recruit co-repressors, but also to protect the DNA from irrevocable silencing 

by methylation.  We also propose that this mechanism may change during aging of cells. 

 

3-2. SIGNIFICANCE 

One of the major unanswered questions in DNA methylation research is how certain CpG 

islands are protected from methylation.  Two hypotheses persist and may not be mutually 
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exclusive.  One involves the active, persistent demethylation of CpG islands, and the 

other involves protection of CpG islands by proteins that exclude DNA Methyl 

Transferases from accessing the DNA.  The evidence presented here supports the latter 

idea.  Although VDR actively recruits co-repressors to gene promoters in the absence of 

ligand, the gene is presumably inactive in this situation regardless of the presence of co-

repressors, as, in most cases, the VDR is unable to adopt a conformation that allows 

recruitment of the co-activators required for transcription.  Our data support a hypothesis 

whereby the occupation of vitamin D responsive promoters by the VDR co-repressor 

complexes involves protection of these promoters from DNA methylation during 

ebryogenesis, and prevents permanent silencing of VDR target genes. 

 

3-3. INTRODUCTION 

3-3A. EPIGENETICS 

The term epigenetics refers to changes in gene expression (phenotype) that do not 

coincide with mutation/changes in DNA sequence (genotype).  Epigenetics underlies the 

ability of pluripotent stem cells to terminally differentiate into tissue-specific cells that, 

although they harbor the same genome as stem cells, express only a specific subset of 

these genes.  Epigenetics is responsible for X-inactivation, which allows the females of 

our species (and others) to develop systems consistent with her gender.  These 

mechanisms involve what is known as ‘gene silencing’ whereby the expression of genes 

is repressed, either transiently, or ‘permanently’, by a series of modifications that induce 
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chromatin remodeling and DNA methylation.  As such, epigenetics is also responsible for 

the initiation of many cancers.  Based on Knudson’s two-hit hypothesis, in which one 

allele is lost somatically, and the other is lost by some other mechanism (initially thought 

to be spontaneous mutation or deletion), epigenetic silencing is a candidate mechanism 

and has been found in many tumor cells225. 

 

DNA is intricately packaged into highly organized structure called chromatin (Figure 3-

1).  Chromatin is composed of nucleosomes, which consists of DNA wrapped around 

histones cores, and are usually comprised of two subunits of each H2A, H2B (which 

heterodimerize with each other), H3 and H4 (which homodimerize).  Of note, H2A and 

H2B are considered canonical core histones, however, they can be substituted by other 

histones.  H2AZ is an alternate histone that is enriched at the 5’ end of genes near 

promoters and is a mutually exclusive event with DNA methylation226.  A fifth histone, 

histone H1, is considered a linker histone and is found on DNA strands between histone 

cores.  This ‘beads on a string’ structure is supercoiled and further compacted into the 

chromosome structure.  It is this densely packaged chromatin, called heterochromatin that 

is considered transcriptionally repressed.  Most mammalian DNA is in this form.  It is the 

euchromatin that is more loosely packaged and considered transcriptionally active.  The 

regulation of heterochromatin and euchromatin are governed by histone modifications 

and DNA methylation (Figure 3-1), the consequences of which are addressed below. 
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3-3B. HISTONE MODIFICATIONS 

 

Histone core proteins have exposed N-terminal tails that are the targets of numerous 

modifications, the accepted nomenclature of which is depicted in Table 3-1.  The effort 

to decipher the ‘histone code’ has been hampered by the enormous degree of complexity 

of histone marks.  Although there is some consensus about specific marks being 

associated with active or repressed chromatin, many of them can be associated with both.  

It is now believed that certain histone marks are associated with both active and repressed 

chromatin but at discrete time points during cellular processes227.  The two best-

understood modifications on chromatin are methylation and acetylation (Figure 3-2). 

3-3B1. HISTONE METHYLATION 

 

Histone methylation occurs at lysine and arginine residues on the exposed histone tail.  

Histones can be mono- , di- or tri-methylated by histone methyl transferase enzymes.  It 

is generally accepted that di- and tri-methylation at lysine-9 of histone H3 (H3K9me2 

and 3) and H3K27me3 are associated with transcriptional repression.  Methylation at 

lysine 4 of histone H3 (H3K4me1, 2, and 3) is associated with transcriptionally active 

chromatin and is found flanking regions of heterochromatin and is particularly enriched 

at the beginning of genes.  Interestingly, the degree of methylation decreases towards the 

end (3’) of the gene.  In other words, H3K4me1 is found nearest the promoter, while 

H3K4me2 is found in the middle, and H3K4me3 is found towards the 3’ end.  There are 



 119 

still questions about what signals methylation of histones, however, there is evidence that 

histones are methylated before being incorporated into the DNA superstructure228. 

 

3-3B2. HISTONE ACETYLATION 

 

Histone acetylation is better understood based on the chemistry of an acetyl group.  

Lysine is normally positively charged, which binds strongly to DNA due to the latter’s 

negatively-charged phosphate groups.  Acetylation of histones at lysine residues 

neutralizes this positive charge and diminishes the affinity of histones for DNA, causing 

the loosening of chromatin structure.  It is also believed that acetylated histones attract 

specific proteins that may also promote chromatin opening and transcriptional potential. 

Generally speaking H3K9ac and H3K14ac and generally hyperacetylated H4 are found in 

active chromosomes of yeast, humans, mice and Drosophila229. Histone acetylation 

marks are deposited by histone acetyl transferases (HAT) and deacetylated by histone 

deacetylases (HDAC). 

 

3-3C. DNA METHYLATION 

 

As DNA methylation is the primary focus of this work, we will consider it in some detail.  

DNA methylation is considered to be the signal that either conveys or is a marker of 

stable silencing of genes as it is associated with silencing histone marks230, tight 
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chromatin structure and deacetylated nucleosomes231.  Given its importance, it is 

surprising that DNA methylation is not a universally, evolutionarily conserved 

phenomenon.  There is no DNA methylation in C. elegans, only some in Drosophila, and 

a large amount in vertebrates232.  In fact, most vertebrate DNA is methylated and 

packaged into the silent heterochromatin.  In vertebrates, DNA is methylated on Cytosine 

residues that are immediately followed by Guanine residues (CpG).  CpG residues often 

occur in clusters called CpG islands which are classically found at the 5’ end of many 

genes as well as at origins of replication233,234.  There are an estimated 29,000 CpG 

islands in the human genome235.  Because methylated Cytosine (m5C) accounts for 1% of 

all nucleotides in the human genome, it is also estimated that 70-80% of all CpG islands 

are affected by some degree of methylation236.  These CpG islands, however, are 

classically unmethylated at all times, with a few exceptions. There is a 70% decrease in 

global methylation in early (pre-implantation) embryogenesis237.  The other major 

exception is during carcinogenesis, when it is believed that tumor suppressor genes are 

selectively aberrantly silenced by methylation238. 

 

DNA methylation and cancer are often associated in the literature.  Loss of methylation 

can cause abnormal chromosomal rearrangements in both cultured cells treated with 

5’Azacytidine (5’Aza), a DNMT inhibitor239, and in cells from patients that harbor 

mutations in DNMT3B (discussed below)240,241, suggesting that the lack of methylation 

predisposes cells to aberrant recombination events242.  On the other hand, m5C, itself, is 

considered mutagenic.  The presence of the methyl group shifts the UV absorption 
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spectrum such that the Cytosine is sensitized to UV-induced hydrolytic deamination 

yielding a Cytosine to Thymine transition243.  As such, genes with a high degree of CpG 

residues in their coding region, such as p53, may be more prone to mutation.  In fact, 

50% of the inactivating point mutations of p53 occur at m5C residues244.  Many tumor 

cells have alterations in methylation status.  In colorectal cancer, global hypomethylation 

is seen when cancer cells were compared to normal cells245.  In prostate cancer, several 

genes are found to be hypermethylated, including GSTP1 and RARβ2246.  Entire gene 

families can be epigenetically inactivated in breast cancer247.  Interestingly, regions of the 

genome that are subject to epigenetic disruption are also frequently deleted in cancer and 

embryonic stem cells that are null for DNMT1 (see below) are subject to changes in the 

amount of gene deletion seen242,248 

 

In the context of gene promoters and methylation there are two options: 1) Unmethylated 

CpG island-containing promoters, which account for 50-60% of mammalian genes249 and 

are found in regions containing widely and irregularly spaced acetylated histones; and 2) 

CpG poor-promoters, where the methylation status of these CpG residues is uncertain, 

although there are some reports that methylation at individual CpGs that can interfere 

with target binding proteins.  These two different promoters are thought to have arisen to 

distinguish embryonically expressed genes from tissue-specifically expressed genes.  

There is evidence that those genes that do not contain CpG islands can be silenced after 

embryogenesis by de novo methylation of their few CpG residues.  These genes are not 

expressed during development and are able to be selectively silenced in specific tissues.  
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CpG island containing promoters, however, are thought to be expressed embryonically 

and remain unmethylated throughout adulthood, although they may be inactive (i.e. 

“poised”)250,251. 

 

Methyl groups are deposited by DNA methyl transferase (DNMT) enzymes, of which 

there are three known in humans: DNMT1, DNMT3A and DNMT3B.  Knockout of any 

of these enzymes in mice leads to embryonic lethality.  DNA methylation is faithfully 

reproduced between cell generations, a term called “cellular memory”252.  DNMT1 is 

found at the replication fork during early S phase253 and deposits methyl groups on the 

daughter strand as directed by the methylated parent DNA strand254.  DNMT3A and 

DNMT3B are found associated with the replication fork in late S phase, leading to the 

hypothesis that they are involved in proof-reading the m5Cs deposited by DNMT1255. 

Although, in vitro, cells alter their CpG methylation by 4-5% per cell generation (i.e. a 

loss of methylation at originally methylated CpGs and a gain of methylation at previously 

unmethylated CpGs), the overall methylation pattern is maintained256.  This phenomenon 

is due to the dynamic nature of methylation that can cause it to change from cell to cell, 

chromosome to chromosome, and even CpG to CpG.  Although it is the most common 

mechanism for CpG island containing promoters, DNA replication is not always required 

for DNA methylation.  After the global decrease in methylation in pre-implantation 

embryos, DNA is re-methylated de novo257,258.  Most de novo methylation occurs during 

embryogenesis, however it can also occur on non CpG island CpG residues at other 
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times.  DNMT3A and DNMT3B are considered to deposit de novo methylation, whereas 

DNMT1 is considered to maintain methylation in cells258. 

 

CpG islands are usually flanked by CpG-poor regions, however, the few CpGs that are 

present are usually consistently methylated259,260.  These regions serve as methylation 

boundaries, and are believed to adopt a specific DNA structure261,262, or contain specific 

sequences254 that attract the methylation machinery.  Although these boundaries are 

thought to prevent the spread of heterochromatin263, this system is hypothesized to break 

down during aging and cancer allowing methylation of CpG islands260,264.  This spreading 

of methylation is a slow and progressive process and can take weeks or months in 

vitro265. 

 

One well-established phenomenon in the field of DNA methylation is the concept that 

active promoters remain unmethylated, while promoters that are already silenced are 

prone to methylation.  This hypothesis was originally derived from an in vitro experiment 

that showed silencing of an exogenous gene after two days, but methylation did not ensue 

for another 13 days266.  Furthermore, a CpG island-containing transgene, whose 

demethylated status is faithfully replicated when it is active, loses its immunity to 

methylation when its transcription is impaired, suggesting that failure to transcribe invites 

de novo methylation267,268.   
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Although DNA methylation is believed to seal the silencing of inactive genes, 

demethylation has been known to occur. This usually occurs at fertilization, however, it 

has also been shown to occur in the rat tyrosine amino transferase gene, whose promoter 

is relieved of methylation by the presence of glucocorticoids.  This initial demethylation 

is long-lasting and leads to subsequent sensitization to exposure to glucocorticoids269.  

There are two possible mechanisms for demethylation: 1) passive failure to methylate 

newly synthesized DNA, as is seen in demethylation of the maternal genome after 

fertilization270; and 2) active demethylation by putative demethylase enzymes, as is seen 

in the demethylation of the paternal genome271,272.  The latter mechanism is further 

subdivided into two possible mechanisms: 1) breaking of the carbon bond linking the 

Cytosine to its methyl group, a thermodynamically unfavorable reaction; and 2) base 

excision repair of the whole m5C and replacement with an unmethylated Cytosine 

residue273.  The latter theory is supported based on the discovery that TGD, which usually 

repairs T:G or U:G mismatches via base excision repair, can also act as a m5G 

glycosylase274-276.  Work on demethylases has been slow in bearing fruit, since only a few 

putative enzymes have been found (Reviewed in277).  MBP2 (see below) has been shown 

to have catalytic activity, although these data have not been reproduced thus-far278,279. 

 

3-3D. UNANSWERED QUESTIONS AND CONTROVERSY 

The field of epigenetic research is plagued with chicken-or-egg conundrums.  Are histone 

marks a cause or consequence of gene silencing? Does methylated DNA recruit histone-
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modifying enzymes, or do modified histones recruit DNMTs?  Does aging cause 

methylation or does methylation cause aging?  And relating to this latter concept is the 

clear link between aging and methylation, and the clear link between methylation and 

cancer; is it, thus, prudent to associate methylation with the link between aging and 

cancer?   

 

These types of questions are difficult to answer experimentally, however, one area in 

which some progress has been made regards the crosstalk between histone modifications 

and methylation.  It has been proposed that the chromatin state (i.e. the acetylation and 

methylation status of histones) informs the methylation machinery280.  In support of this 

hypothesis is the finding that the m5C binding protein 1 (MBD1), a member of a gene 

family that binds methylated CpG islands, also binds an H3K9 Methyltransferase enzyme 

228 as well as HDAC1 and HDAC2230,281-284.  Also, DNMTs are also found to interact 

with HDACs, although this does not get at the question of which occurs first.  Also in 

support is the finding that mutation/knockout of an H3K9 methyl transferase and SNF2, a 

nucleosome remodeling protein, leads to genome-wide alterations in DNA methylation 

patterns285-288.  Although methylation seems to have the final say, both mechanisms may 

need to be reversed before silenced genes can be re-expressed, as many experiments that 

utilize trichostatin A (TSA), an HDAC inhibitor, find that silencing cannot be reversed 

unless cells are first exposed to 5’Aza.  This is not always the case, however, as one 

group shows that as long as the condensed chromatin associated with silenced Lutenizing 
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Hormone Receptor persists, changes in promoter methylation are not sufficient to induce 

transcription289. 

 

What is not in question is that methylated DNA is consistent with gene silencing, 

however, what is still unanswered is the exact mechanism of silencing.  There are two 

major hypotheses addressing this question and they are not, necessarily, mutually 

exclusive: 1) methylated CpG residues recruit proteins (such as MBDs) which prevents 

binding of transcription-activating proteins; and 2) methylation, itself, excludes 

transcription-activating proteins from promoter regions. 

 

Another unanswered question is what protects CpG islands from methylation in the first 

place.  Again, two alternatives have been hypothesized: 1) the existence of a protein that 

specifically recognizes unmethylated CpG islands and inhibits DNMTs290; and 2) CpG 

islands are masked from DNMTs by the binding of transcription factors291. In 

disagreement with the second hypothesis, DNAse footprinting assays showed that CpG 

islands are more accessible to nucleases than bulk genomic DNA, suggesting that these 

regions are actually less bound by proteins than the rest of the genome.  Of course, since 

CpG islands remain unmethylated as a result of their embryonic transcription (see above 

discussion), the protection of CpG promoters by proteins may have occurred during this 

stage, only, and thus, gone undetected by the footprinting assay. 
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In this work, we show evidence to address the questions and support the hypotheses 

presented in these last paragraphs.  We show that cells null for the VDR, which were 

obtained from VDR KO animals, have defective vitamin D signaling upon re-

introduction of exogenous VDR, as measured by CYP24A1 mRNA induction.  Upon 

further exploration, we found that treatment with 5’Aza, but not TSA, restores sensitivity 

to 1,25(OH)2D3 in the presence of exogenous VDR in a dose-dependent manner.  This 

suggests that a methylation event was preventing the initial response.  Detailed analysis 

of the CYP24A1 promoter reveals a CpG island, however, none of the CpG residues were 

found to be hypermethylated in the VDR KO cells compared to the VDR WT cells.  

Furthermore, the exogenous VDR was able to be recruited to the published VDREs for 

this promoter.  These data imply an indirect methylation event may be prohibiting 

CYP24A1 expression.  After repeated passages, the cells regained their ability to respond 

to 1,25(OH)2D3 in the presence of exogenous VDR without pre-treatment with 5’Aza, 

suggesting that cellular aging may affect demethylation, as well as methylation.  Since 

the VDR is absent during the pre-implantation stage when CpGs are globally de-

methylated, and, thus, not expressed embryonically, we propose that the absence of the 

VDR on gene promoters at this time, invites aberrant de novo methylation at these CpG 

islands. 
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3-4. RESULTS 

 

3-4A.  ADD-BACK OF VDR TO VDRK240-/- CELLS DOES NOT COMPLETELY RESTORE 

RESPONSIVENESS TO 1,25(OH)2D3 

 

In the previous chapter we found that the use of VDR-null cell line, VDRK240-/-, as a 

tool in the study of vitamin D and its anti-cancer properties was hampered by their 

apparent inability to respond to rescue by exogenous VDR.  Add-back of human VDR by 

transient transfection failed to induce CYP24A1 mRNA in response to 1,25(OH)2D3 as 

detected by semi-quantitative RT PCR (Figure 3-3A).  This was not a failure of 

1,25(OH)2D3 to act appropriately, as VDR145+/+ cells are able to respond to ligand in this 

manner.  It was also not a result of a defective plasmid as the exogenous material was 

easily amplified by semi-quantitative RT PCR. 

 

To determine whether the malfunction in these cells was due to the inability of human 

VDR to transactivate genes in mouse cells, we transfected an exogenous reporter into 

these cells.  This promoter contains the portion of the human CYP24A1 promoter that 

contains the two known VDREs.  This exogenous promoter is easily activated in 

VDRK240-/- cells in the presence of exogenous VDR and 1,25(OH)2D3 (Figure 3-3B).  

In fact, basal reporter activity is induced in the absence of ligand.  Rescued VDRK240-/- 

cells are even more sensitive to VDR and 1,25(OH)2D3 than VDR145+/+ cells. 
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These data show that the VDRK240-/- cells are indeed devoid of functional VDR and that 

exogenous VDR is able to transactivate exogenous reporters, but not endogenous 

promoters.  Since the reporter construct used is the human ortholog of mouse CYP24A1, 

its ability to be activated implies that the components required to regulate this gene are 

present and functional in VDRK240-/- cells.  It is possible that since both the exogenous 

VDR and the exogenous promoter are from human, that the VDR is simply unable to 

bind the endogenous mouse promoter, even though it is evidently able to bind the mouse 

co-activator proteins and basal transcription machinery, however, we find this unlikely, 

since both published VDREs are virtually identical in both species: they differ by a single 

nucleotide in each VDRE.  The other explanation for the discrepancy between activation 

of an exogenous promoter but not an endogenous promoter is an epigenetic event that 

prevents the endogenous promoter from being activated even in the presence of the 

appropriate cellular components. 

 

3-4B. A DNA METHYLATION EVENT PREVENTS ACTIVATION OF THE ENDOGENOUS CYP24A1 

PROMOTER BY EXOGENOUS VDR AND 1,25(OH)2D3 

To test the hypothesis that an epigenetic phenomenon is preventing appropriate activation 

of the mouse CYP24A1 promoter, we used two chemicals that modify intracellular 

epigenetic events.  Trichostatin A (TSA) is an HDAC inhibitor and, as such, allows 

acetylation to persist when it otherwise might not, yielding transcriptionally active 
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chromatin.  5’Azacytidine (5’Aza) is Cytosine analog that has a nitrogen instead of a 

carbon at position 5, which prevents methylation at this residue.  In order for 5’Aza to 

work, cells must undergo division such that the analog can be incorporated into newly-

synthesized DNA.  Treatment of VDR-rescued cells with TSA for 12 hours does not 

enable them to up-regulate CYP24A1 mRNA in response to ligand (Figure 3-4A).  

Treatment with 5’Aza for 48 hours restores sensitivity of endogenous CYP24A1 to 

exogenous VDR and 1,25(OH)2D3 (Figure 3-4B).  The increase in CYP24A1 mRNA is 

likely an underestimate as transfection efficiency for these cells is only ~60%, and each 

of these transfected cells retain 25% of their methylation (based on published doubling-

time for these cells, which is 16 hours195).  This effect is dose-responsive, as increased 

amounts of 5’Aza generate increased amounts of CYP24A1 transcript (Figure 3-4C).  

Importantly, this increase was completely dependent upon treatment with 1,25(OH)2D3. 

 

Taken together, these data support the hypothesis that an epigenetic mechanism, likely 

DNA methylation, is responsible for preventing CYP24A1 response under appropriate 

activating conditions.  Although TSA did not restore activity as a single-agent, 

combination treatment of TSA with 5’Aza may yield synergistic restoration of this 

promoter289. 
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3-4C. BISULFITE SEQUENCING DOES NOT REVEAL APPRECIABLE DIFFERENCES IN 

METHYLATION BETWEEN VDRK240-/- AND VDR145+/+ CELLS 

We anticipated that the most logical location for a methylation event that manifests this 

lack of response would be the promoter of the CYP24A1 gene, itself.  Although 

promoters that do not contain CpG islands are predicted to be regulated by methylation, it 

is the methylation of CpG islands that is believed to cause aberrant silencing of genes.  

As such, we decided to analyze the mouse CYP24A1 promoter for CpG islands (Figure 

3-5).  Indeed, two CpG islands are predicted in the proximal upstream region of the TSS.  

This has also been reported by two other groups, although these groups also identify a 

CpG island upstream of the TSS although in the latter study, the upstream region seemed 

to be less significant in conveying differential expression82,292. 

 

We next decided to look at the methylation status of these regions by bisulfite 

sequencing.  We were particularly interested in the reported VDREs, since it seemed 

logical that methylation of these regions (which contain three candidate CpGs between 

them) would prevent VDR from accessing the DNA and would contribute to its inability 

to transactivate this promoter.  Treatment of DNA with sodium bisulfite causes 

deamination of unmethylated Cytosine residues, which leads to Cytosine to Thymine 

transition mutation after DNA replication in cellulo or in vitro (PCR) (Figure 3-6).  

Methylated Cytosines are protected from this conversion due to the change in their 

chemical structure.  As DNA methylation is known to be dynamic, even if the overall 

methylation status is constant, it is important to look at many ‘strands’ of DNA from 
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many cells.  In this method of analysis, this is accomplished by subcloning the 

heterogeneous PCR product (due to variations in methylation at individual CpGs) and 

sequencing numerous clones.  This method of detecting methylation did not yield any 

obvious difference in methylation between these two cell lines (Figure 3-7).  If anything, 

the VDRK240-/- cells were globally less methylated, not more.  Although the CpGs 

located in the distal VDRE were more methylated in the null cells as compared to the WT 

cells (38% versus 16%) we are not confident that this modest difference would 

demonstrate the degree of silencing we see.  Furthermore, we see the opposite 

methylation pattern in the proximal VDRE where the WT cells harbor 32% methylation 

and the VDR-null cells have only 12%.  We proposed that the methylation event may be 

occurring in neighboring or distal vicinities that may prevent VDR binding to VDREs by 

steric inhibition during a looping out mechanism of transcriptional activation (see Figure 

4-2).  We also considered that the bisulfite sequencing may not be sensitive enough to 

detect differences in methylation. 

 

3-4D. PYROSEQUENCING DOES NOT REVEAL APPRECIABLE DIFFERENCES IN METHYLATION 

BETWEEN VDRK240-/- AND VDR145+/+ CELLS 

A similar, but more sensitive, method of detecting methylation is pyrosequencing.  This 

method also utilizes bisulfite-treated DNA in a PCR-based method (Figure 3-6), but it 

assays the heterogeneous amplicon as a whole and reports percent methylation as 

represented by the entire population.  While this approach has great benefits, the 



 133 

execution is challenging in that three primers must be identified that will not bind to 

regions containing CpGs.  Because the bisulfite treatment protocol is harsh, the final 

product tends to be fragmented such that only small regions (100-200 bps) can be 

amplified.  As can be imagined, in a region as rich in CpGs as the CYP24A1 promoter, 

finding short stretches that have three candidate annealing locations is problematic.  As 

such, four non-overlapping regions were identified that cover most, but not all, of this 

region (Figure 3-8).  Although a total of six CpGs are excluded in this analysis, we were 

able to design primers to sequence the region containing the VDREs, which were of most 

interest. 

 

 The pyrosequencing results also failed to identify any dramatically methylated CpGs in 

VDR-null cells as compared to VDR WT cells (Figure 3-9).  In fact, the only CpG that 

was statistically significantly more methylated in the VDR-null cells was CpG3 (Figure 

3-9A).  This CpG was not analyzed in the bisulfite sequencing, so we cannot tell if these 

two methods are congruous at this residue.  What is harmonious, however, is the increase 

in global methylation further upstream near the VDREs (Figure 3-9D).  Importantly, no 

statistically significant differences are seen within or immediately around the VDREs 

themselves (Figure 3-9C). 

 

These data, taken together, led us to believe that the epigenetic event that led to 

‘silencing’ of this promoter may be indirect; in other words, due to the methylation of a 

gene required for transactivation of this endogenous promoter.  Or, that the VDR is 
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unable to bind the promoter due to methylation at CpG residues not assayed via these two 

methods. 

 

3-4E. VDR RECRUITMENT TO A VDRE WITHIN THE MOUSE CYP24A1 PROMOTER IS NOT 

IMPAIRED AND THIS MAY BE DUE TO AGE-RELATED DEMETHYLATION 

 

To test the hypothesis that, although we were unable to identify which CpGs are involved 

in the methylation event, putative m5Cs were still involved in impairing the recruitment 

of the VDR to the CYP24A1 promoter, we performed ChIP analysis of the region 

containing one of the VDREs.  This was done in cells that were transfected with VDR or 

mock-transfected and treated or not treated with 5’Aza, all in the presence of 

1,25(OH)2D3.  The VDR was, appropriately, not recruited to the VDRE in cells that were 

mock transfected.  In the VDR-transfected cells, however, the VDR was equally recruited 

to the CYP24A1 promoter in the presence and absence of 5’Aza (Figure 3-10A).  These 

data imply that the methylation event is likely occurring in another region of the genome 

and that ‘silencing’ of the CYP24A1 promoter is an indirect phenomenon. 

 

To test this hypothesis, we intended to employ a microarray strategy that involved 

VDRK240-/- cells that had been rescued with VDR and treated with 1,25(OH)2D3 and 

with or without 5’Aza and looking at differential mRNA expression.  Before performing 

the microarray protocol, however, we wanted to ensure that they system was still 
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working, and thus, tested the samples as in Figure 3-4.  To our surprise, VDRK240-/-cells 

were now able to up-regulate CYP24A1 in a VDR dose-dependent manner, in the 

absence of 5’Aza, although this expression never reached the level of WT expression 

(Figure 3-10B; last lane).  After many variations of repetition, we were unable to repeat 

the initial experiments’ results.  As several years had passed between the initial 

experiments and these, we conclude that the methylation event that was causing 

CYP24A1 ‘silencing’ may be sensitive to cellular passaging and aging. 

 

3-5. FIGURES AND FIGURE LEGENDS 
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Figure 3-1
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Figure 3-1.  The structure epigenetic structure of chromatin.   

DNA is tightly packaged on many levels that lead to the compact structure known as 

chromatin.  DNA is supercoiled (top) and wrapped around histone core molecules 

(middle) and finally wound into the structure that comprises a chromosome (bottom).  

The two major epigenetic modifications are described on the right-hand side.  The 

exposed N-terminal tails of core histone proteins are subject to numerous modifications 

including methylation and acetylation that affect gene transcription.  DNA methylation is 

associated with silenced genes and is thought to be recruited by appropriate histone 

modifications.  These events can cause permanent gene silencing. 

 

Reproduced with permission293: Qiu,J. Epigenetics: Unfinished symphony. Nature 441, 

143-145 (2006). 
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Figure 3-2
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Figure 3-2.  Histone modifications.   

(A) Two common modifications that occur at lysine residues (left) in histone N-terminal 

tails are acetylation (middle) and methylation (right).  Methylation can occur as mono-, 

di-, or tri-methyl (depicted) groups.  (B) The locations of amino acid residues that are 

candidates for histone modification on each of the canonical components that comprise 

the core histone.  Most candidates occur on histone H3 and H4, and these two proteins 

harbor the exclusive sites that are candidates for histone methylation. 

 

Lower portion: reproduced with permission294: Spivakov,M. & Fisher,A.G. Epigenetic 

signatures of stem-cell identity. Nature Reviews Genetics 8, 263-271 (2007). 



 140  



 141 

Figure 3-3. Re-introduction of VDR in VDRK240-/- cells restores responsiveness to 

an exogenous promoter but not an endogenous promoter.   

(A) VDRK240-/- cells (VDR -/-) were transfected with exogenous GFP or human VDR 

for 24 hours and treated along with VDR145+/+ (VDR +/+) cells for a subsequent 24 

hours with 10-7M 1,25(OH)2D3.  mRNA was analyzed by semi quantitative RT PCR for 

mouse CYP24A1 (top panel), human and mouse VDR (middle panels) and β-actin 

(bottom panel) (B) Luciferase data from VDR +/+ and VDR -/- cells transfected with 

CYP24A1-luc reporter and either GFP or VDR, as indicated.  24 hours after transfection, 

cells were treated with 1,25(OH)2D3 or EtOH control for a subsequent 24 hours.  Data 

were normalized to Renilla. 
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Figure 3-4.  CYP24A1 mRNA induction is restored after treatment with 

5’Azacytidine but not Trichostatin A. 

VDRK240-/- cells were transfected with GFP or VDR for 24 hours and treated with 

1,25(OH)2D3 or EtOH simultaneously with (A) 500nM Trichostatin A (TSA), an HDAC 

inhibitor, for 12 hours, or (B) 10µM 5’Azacytidine (5’Aza), a DNMT inhibitor, for 48 

hours (ligand and 5’Aza were replaced every 24 hours). mRNA was analyzed by semi-

quantitative RT PCR for mouse CYP24A1 (top), human VDR (middle), and β-actin 

(bottom).  MDA-MB-231 mRNA (untreated) was used to control for human VDR 

expression.  1,25(OH)2D3-treated VDR145+/+ cells were used to control for mouse 

CYP24A1 mRNA expression.  (C) VDRK240-/- cells were transfected as above and 

treated with 10µM (1x); 50µM (5x); or 100µM (10x) 5’Aza for 48 hours.  mRNA was 

processed and analyzed as described above. 
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Figure 3-5. Predicted CpG islands for the mouse CYP24A1 promoter.   

4000 bps of the mouse CYP24A1 promoter were analyzed for the presence for bona fide 

CpG islands using CpGPlot from EMBL-EBI:   

http://www.ebi.ac.uk/Tools/emboss/cpgplot/index.html.  The TSS is located towards the 

left of the graphs.  The observed vs. expected (top portion) sets the minimum average 

observed to expected ratio of C plus G to CpG, which is set to .6 for this analysis.  The 

Percentage graph (middle portion) represents the percent CG content every 100bps.  The 

Putative Islands Chart is the output for the location of CpG islands.  In this analysis, two 

CpG islands are predicted in the proximal promoter and are roughly 300 bps, each. 
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Figure 3-6.  Chemical modification of Cytosine residues by bisulfite reaction and 

subsequent Cytosine to Thymine transition.   

(A) Cytosine normally base-pairs with Guanine in the standard genetic code. (B) Sodium 

bisulfite ionizes in aqueous solution to Na+ and HSO3
-, the latter of which attacks the 

hydrogen attached to carbon 4 of Cytosine.  Subsequent attack by water on the primary 

amine at carbon 5 yields a carbonyl group, and the resulting electron shift causes the 

sulfite group at carbon 4 to leave, resulting in the final deaminated product, Uracil. (C) 

Urasil is now erroneously paired with Guanine (instead of Adenosine).  (D) After 

replication in cellulo, the daughter strand properly pairs Uracil with Adenosine.  (E) 

Subsequent replication or PCR pairs this Adenosine to Thymine, culminating in a 

Cytosine to Thymine transition mutation. 
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Figure 3-7.  Differential methylation of VDRK240-/- and VDR145+/+ cells.   

The mouse CYP24A1 promoter region (sense strand) was analyzed for CpG residues 

(underlined).  The CpG island region containing the functional VDREs (red writing) was 

amplified after treatment of cells with sodium bisulfite.  Individual CpG residues are 

indicated by yellow boxes with their location from the TSS.  The CpGs that are contained 

within the VDREs are indicated with red writing in the yellow box.  Amplicons were 

subcloned and roughly twenty clones were sequenced.  Cytosines that were converted to 

Thymines in the bisulfite reaction are unmethylated (white box).  Cytosines that did not 

get converted are assumed methylated (black box).  Sequences that were believed to have 

undergone incomplete conversion (non CpG Cytosines were not converted to Thymine) 

or that had mixed signals at residues of interest are denoted with gray boxes. 
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Figure 3-8. Pyrosequencing target amplicons containing CpG residues in the mouse 

CYP24A1 promoter.   

Most of the CpG island-containing promoter of mouse CYP24A1 was amplified in four 

regions: Region 1 is in red; Region 2 is in turquoise; Region 3 is in pink; Region 4 is in 

blue.  The TSS, and downstream regions are in gray.  The 5’ untranslated region is in 

capital letters and the 5’ upstream region is in lower-case.  The two VDREs are 

underlined and are both contained within Region 3.  Each CpG is indicated by yellow 

highlight, and each CpG assayed is enumerated above the residues.  Some regions were 

not targeted (e.g. the region between Region 2 and Region 3) because no suitable primers 

could be designed. 
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Figure 3-9A-D.  Percent methylation in VDRK240-/- cells versus VDR145+/+ cells as 

assayed by pyrosequencing.   

VDRK240-/- cells (white bars) and VDR145+/+ cells (filled bars) were treated with 

sodium bisulfite and subjected to pyrosequencing.  Figure A-D represent regions 1-4, 

respectively, as depicted in Figure 3-8.  Results are plotted as the average of at least three 

separate bisulfite reactions, and error bars are SEM.  Statistical significance is indicated 

by red bars.  The vertical arrows in part C represent the three CpGs found over the span 

of the two VDREs. 
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Figure 3-10.  VDRK240-/- cells are able to respond to 1,25(OH)2D3 after aging.  

 (A) VDRK240-/- cells were transfected with GFP (left two lanes) or VDR (right two 

lanes) for 24 hours and treated with 10µM 5’Aza or control for 48 hours and 10-6M 

1,25(OH)2D3 for six hours.  Chromatin was precipitated using an anti-VDR antibody, and 

a region designed to amplify a VDRE on the mouse CYP24A1 promoter was subjected to 

PCR.  Controls include a negative, no-template-control (-ve) and a positive, genomic 

DNA control (+ve). (B)  VDRK240-/- cells were transfected with different amounts of 

VDR.  They were treated and analyzed as described in figure 3-3A.  This experiment was 

done in cells that were passaged and aged. 
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Table 3-1. The Brno nomenclature for histone modifications. 
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3-6. DISCUSSION 

 

Methylation of the CYP24A1 promoter has already been reported in rat osteosarcoma 

cells and mouse endothelial cells82,292.  This is surprising, since tumor cells are known to 

methylate tumor suppressor genes238, not candidate oncogenes, of which CYP24A1 is 

considered the latter since its over-expression rapidly breaks-down 1,25(OH)2D3 into 

inactive metabolites, thereby limiting its anti-cancer effects.  This gene is also supported 

as a candidate oncogene in the literature295,296.  It is surprising that we see a methylation 

event that represses this gene in cells derived from VDR-null mice, which are more prone 

than WT animals to various carcinogens. We do not propose that methylation of the 

CYP24A1 promoter contributes to this cancer predisposition, since the activation of this 

promoter is prevented by the absence of VDR, which would trump any epigenetic events 

in the VDR pathway. 

 

It is well-accepted that vitamin D exerts its anti-cancer properties in a number of 

molecular ways through the VDR.  Many cell-specific genes are retained in an inactive 

state by the recruitment of repressor complexes that do not contain DNMTs or MBDs297.  

As such, these genes remain unmethylated and are, thus, ‘poised’ for activation under the 

right circumstances.  In concordance with this, the VDR usually recruits co-repressors in 

the absence of ligand.  What is unclear, however, is the necessity of this co-repressor 
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complex, since in most situations, the VDR is unable to transactivate promoters in the 

absence of ligand, making the presence of this co-repressor complex superfluous. 

 

Although the field of epigenetics is filled with controversies, one of the few undisputed 

concepts involves the methylation of genes that are already silent267,268, which in our 

VDR-null system would be the case.  The methylation of CpG islands is not expected to 

occur in adult cells unless they are affected by aging or cancer, in which the boundaries 

that prevent the spread of heterochromatin are somehow compromised (Reviewed in298).  

The de novo methylation of CpG islands, however, can occur selectively during 

embryogenesis (Reviewed in238).  We proposed here that the absence of VDR (and thus, 

the large co-repressor complexes associated with it) on endogenous promoters exposes 

them to access by DNMTs during embryogenesis.  This phenomenon has already been 

hypothesized in terms of generic proteins, but there is little evidence to support it299.  

DNA methylation of the CYP24A1 promoter during embryogenesis is retained in adult 

cells and denies access of the exogenous VDR to vitamin D responsive promoters unless 

the DNA is first demethylated, an effect, which has already been demonstrated82. 

 

Analysis of the mouse CYP24A1 promoter did not reveal differential methylation 

between VDR145+/+ cells (which respond to ligand) and VDRK240-/- cells, (which do not 

respond to ligand) at the published VDREs, or even within the general promoter region.  

This, however, does not preclude methylation at other regions of the genome that affect 

transactivation.  Although the ChIP analysis did reveal equal recruitment of the 
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exogenous VDR to the CYP24A1 promoter in cells treated with and without 5’Aza, this 

does not mean that methylation in this vicinity or in enhancer elements does not exclude 

binding of other co-activators.  An alternative hypothesis is that methylation in another 

region of the genome silences a factor that is required to co-activate the endogenous 

promoter.  Although the exogenous CYP24A1 promoter reporter is able to be 

transactivated by the cellular milieu (in the presence of exogenous VDR and 

1,25(OH)2D3), it is important to consider the transactivation in the context of a small 

piece of excised promoter is likely to be simpler than in the context of the entire 

endogenous promoter. 

 

A third hypothesis involves the ability of these cells to change their methylation status 

with age, which has already been reported, however, this change favors methylation, 

rather than demethylation260,264.  As can be seen from Figure 3-10B, these cells have 

regained their ability to respond to 1,25(OH)2D3 even in the absence of 5’Aza.  It is not 

known when these cells acquired their demethylated status and, as such, we do not know 

if the lack of methylation seen in the bisulfite sequencing and the pyrosequencing was 

due to the recovery of these cells or to the two other hypotheses previously discussed. 

 

These data contribute to several hypotheses that remain in the field of epigenetics.  Since 

5’Aza, alone, is enough to induce re-expression of this ‘silenced’ promoter, it implies that 

methylation is the signal for permanent silencing of genes.  It is known that DNA 

methylation and silencing histone marks are tightly associated with one another.  Because 
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de-condensation must accompany demethylation in order for expression to take place, 

and since demethylation was sufficient to cause re-expression of CYP24A1 mRNA, DNA 

demethylation must signal the chromatin to open and become transcriptionally active.   

We also have evidence to support the hypothesis that occupation of promoters by other 

proteins prevents DNMT activity, probably by a steric exclusion mechanism.  

Furthermore, since these cells are derived from animals that have never expressed VDR, 

even as embryos, the hypothesis that de novo methylation of CpG island promoters is 

prevented at the pre-implantation stage is also supported by our data.  In all, these data 

help to clear up some of the unanswered questions in the field of epigenetics. 

3-7. MATERIALS AND METHODS 

 

3-7A. TSA AND 5’AZA TREATMENTS 

8 million VDRK240-/- cells were transfected via AMAXA under the following 

conditions: 2 million cells were suspended in 100µL of V solution (Lonza Cat. # VCA-

1003) with the addition of 5µg of WT VDR plasmid or GFP.  Cells were electroporated 

on program T23 and divided into 60mM dishes.  24 hours after transfection, cells were 

exposed to 1) either 500nM TSA or an equal volume of EtOH (vehicle control for TSA) 

plus either 10-6M 1,25(OH)2D3 or EtOH (vehicle control for D3) or 2) 10µM 5’Aza plus 

10-6M 1,25(OH)2D3 or EtOH (vehicle control for D3).  TSA-treated cells were harvested 

after 12 hours and 5’Aza treated cells were harvested after 48 hours.  RNA was processed 
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for semi-quantitative PCR (see below).  The 5’Aza dosage experiment was performed the 

same way, in the presence of 10-6 M 1,25(OH)2D3 with the following concentrations of 

5’Aza: 1X=10µM; 5X=50µM; 10X=100µM.  All cells were treated in DMEM-F12 plus 

1%FBS. 

 

3-7B. SEMI-QUANTITATIVE PCR 

The OneStep RT-PCR Kit (Qiagen, Cat # 210212) was used for all amplifications 

reactions according to the manufacturers’ protocol with the following user-specified 

conditions:  25µL total reactions containing 1µg total RNA, no extra MgCl2 and no Q-

solution.  The following primers were used at a final concentration of .6µM: 

Mouse VDR: 

Forward: 5’-GACGCCCACCATAAGACCTA-3’ 

Reverse: 5’-GTCGTCCATGGTGAAGGACT-3’ 

Human VDR: 

Forward: 5’-GACGCCCACCATAAGACCTA-’3 

Reverse: 5’-GTCGTCCATGGTGAAGGACT-3’ 

Mouse CYP24A1: 

Forward: 5’-CCAAGTGCTGGGCTCTAGCGAAG-3’ 

Reverse: 5’-CTACCGTGGACAGAACGCAATGGG-3’ 

β-Actin: 

Forward: 5’-TGACGGGGTCACCCACACTGTGCCCATCTA-3’ 
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Reverse: 5’-CTAGAAGCATTTGCGGTGGACGATGGAGGG-3’ 

 

3-7C. BISULFITE CONVERSION 

Genomic DNA (gDNA) was harvested from VDRK240-/- and VDR145+/+ cells using the 

DNEasy Kit (Qiagen Cat. # 69506) according to the manufacturers’ protocol.  2µg of 

DNA was diluted in 20uL of water.  2µL of 3M NaOH was added and incubated at 50ºC 

for 20 minutes (Final NaOH concentration is .27M) to denature the DNA.  In the 

meantime, 5.7 g sodium bisulfite (Sigma Cat. # 243973) was dissolved in 2.1mL 2M 

NaOH and 7.5mL water (5.6M Sodium bisulfite in .44M NaOH).  .33g Hydroquinone 

(Sigma Cat. No H-9003) was dissolved in 3mL water (final concentration 1M). Both 

solutions are heated at 50ºC until dissolved.  Added 1.5 mL of 1M hydroquinone to the 

bisulfite mixture for a final volume of ~10mL.  Added 500µL to each tube of denatured 

DNA and incubated at 70ºC for two hours in the dark.  Cleaned up the DNA using 

Wizard DNA Clean-Up System (Promega Cat. # A7280) using 1mL of resin followed by 

2 1mL washes with 80% isopropanol.  Membrane was dried by spinning for one minute 

at maximum speed.  50µL of 70ºC water was added for four minutes and spun at 

maximum for 2 minutes to elute the DNA.  5 µL 3M NaOH was added and incubated for 

10 minutes at RT.  75µL of 5M Ammonium Acetate (Fisher, A637) for 5 minutes at RT.  

1uL 5mg/mL Glycogen (Sigma Cat. # G-1633).  DNA was precipitated by addition of 

350µL 100% EtOH overnight at -20ºC.  DNA was spun down for 20 minutes at 
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maximum speed and 4ºC, after which it was dried at 37ºC for approximately 15 minutes.  

DNA pellet was resuspended in 40uL of water. 

 

3-7D. BISULFITE SEQUENCING 

Nested PCR was used to amplify mouse CYP24A1 from bisulfite-treated gDNA.  The 

primers are as follows: 

Primers were used at a final concentration of .5µM with .5µg of bisulfite-converted DNA 

as template and amplified with PCR Mastermix (2X) (Fermentas Cat. # K0171) with 40 

cycles. 

 

3-7E. PYROSEQUENCING 

Primers for pyrosequencing of four regions of the mouse CYP24A1 promoter were 

generated with BioTage PSQ AssayDesign tool were custom ordered through IDT 

(www.idtdna.com).  One amplification primer is biotinylated and HPLC purified 

NESTING DIRECTION CONVERTED (5' TO 3') CORRESPONDING UNCONVERTED SEQ. (5' TO 3')

OUTER

FORWARD GTAGTTTTGGGTTTTTGTAAGGT GCAGCCTTGGGCTCCTGCAAGGC

REVERSE TCCCTACCCTAAACTAACCACCAATA TCCCTGCCCTGAGCTGGCCACAGTG

INNER

FORWARD TAATTTGTAGGAGGAGGGAGAGG CAACCTGCAGGAGGAGGGAGAGG

REVERSE CAAAACATACTAAAAATAACCAATAAACAC CAGGGCATGCTGGAGGTGGCCAATGAGCAC
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(indicated by *) while the other is standard.  The sequencing primer is as indicated. 

REGION DIRECTION SEQUENCE (5'-3')

Region 1 Forward TGGTTAGTTTAGGGTAGGGATTT

Reverse* CCTTTTATCAATAAAAGAACTCA

Sequencing TGTATAGTATTTTATTATAT

Region 2 Forward* GGGAGGTATAAGGAGGTATATTAG

Reverse ACCCAAAAATACTACAAAATACAA

Sequencing CTACAAAATACAATTATTTA

Region 3 Forward TATAATTTGTAGGAGGAGGGAGA

Reverse* TAATATACCTCCTTATACCTCCCC

Sequencing GGAGGAGGGAGAGGA

Region 4 Forward* TTTTTTTTTAGAGGTTTAAAAAGG

Reverse TCCCTCCTCCTACAAATTACAA

Sequencing CTCCTCCTACAAATTACAAC

 

5-10µL of PCR product was loaded into a well with 2µL beads, 40µL binding buffer and 

33µL of water and shaken for 10 minutes at 1400 rotations per minute at RT.  Thereafter, 

12 µL of .33µM sequencing primer, diluted in annealing buffer, was added to each well.  

The vacuum workstation of a Biotage PyroMark MD System was prepared by flushing 

with water and beads were then captured and flushed with EtOH, denaturation solution, 

and wash buffer, subsequently, for five seconds each.  Beads were released into the PSQ 

plate and allowed to anneal for 2 minutes at 80ºC.  Enzyme, substrate and dNTPs were 

aliquoted in the amounts predicted to be required by the equipment.  All reagents are 

supplied from BioTage, now a part of Qiagen and are supplied in PyroMark Gold Q96 

Reagents (Qiagen Cat. # 972804). 
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3-7F. CHROMATIN IMMUNOPRECIPITATION 

 

VDRK240-/- cells were transfected with VDR as described and allowed to adhere for 24 

hours before being treated with or without 5’Aza for 48 hours.  Cells were treated with 

10-6 1,25(OH)2D3 for six hours and processed for ChIP as described in Chapter 2.  

Primers for amplifying the mouse CYP24A1 promoter that contains one of the VDREs 

were: 

Forward: 5’-GGTTATCTCCGGGGTGGAGT-3’ 

Reverse 5’-AGTGGCCAATGAGCACGC-3’. 
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CHAPTER 4: CONCLUSIONS AND FUTURE DIRECTIONS 
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4-1. PERSPECTIVE 

 

The results of these projects were born of an attempt to discover new gene targets within 

the vitamin D pathway that may be candidates for cancer therapy.  The vitamin D 

pathway is associated with an anti-cancer phenotype at the bench, in animal models, and 

to a lesser but significant degree in human epidemiology.  The need for the identification 

of players in the vitamin D signal transduction pathway derives from the inability to use 

vitamin D at concentrations that have clinical significance against cancer.  Its primary 

role in calcium homeostasis limits the applicable dosage due to hypercalcemia-related 

side-effects.  Although the search for vitamin D analogs that uncouple these two facets of 

vitamin D activity is noble, it is difficult in that many analogs have only minor success in 

clinical trials of human cancer (Reviewed in300).  The use of vitamin D analogs in 

colorectal cancer, the third leading cause of cancer death in the US, is further complicated 

by the fact that the gastrointestinal tract is one of the primary locations of the vitamin D-

associated calcium effects, probably making it difficult to uncouple anti-cancer effects 

from calcium effects in this organ.  Thus, the identification of downstream targets of the 

vitamin D receptor is critical in deciphering its anti-cancer mechanisms and identifying 

new chemotherapeutic targets. 

 

While the initial design of this project was simple, the outcomes were complex.  Both 

projects revealed unexpected results, and one contributed to the afore mentioned goal: the 
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identification of TCF-4 as a novel target of the vitamin D receptor pathway.  The second 

project does not speak to a mechanism for the vitamin D pathway’s protection against 

cancer, rather it covers a broader conceptual hypothesis that may impact the world of 

epigenetics. 

 

4-2. TCF-4 AS A TARGET OF THE VITAMIN D PATHWAY 

4-2A. FURTHER DISCUSSION AND FUTURE DIRECTIONS 

Our initial experiments revealed differential regulation of TCF-4 between mammary 

gland cells derived VDR WT and VDR KO cells.  The VDR was known to interact with 

the β-catenin pathway on numerous levels, and, all signs point to vitamin D’s ability to 

decrease β-catenin activity.  Our follow-up experiments confirmed this differential 

expression, however it was the VDR WT cells that had more TCF-4 as compared to the 

VDR-null cells.  Since vitamin D is associated with a protective role against cancer, and 

since the VDR-null mice from which these cells are derived, are more prone to 

carcinogen-induced cancers, it was initially surprising to see that TCF-4, a known 

transcriptional activator of the oncogenic β-catenin pathway, was more expressed in the 

WT cells.  Indeed, the TopFlash activity was higher in the cells containing the VDR.  

Since the difference in TopFlash expression was not great, we presume that another 

member of the TCF/LEF family is compensating for the dramatic decrease in protein that 

we see via western blot.  Indeed, TCF-1 is known to be expressed in the mammary 

gland128, and although TCF/LEF family members show discrete expression in the adult, 
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overlap and compensatory mechanisms have been reported301.  Before we speculated on 

the counterintuitive meaning of the differential TCF-4 expression and TopFlash activity 

in these cells, we wanted to establish that this phenomenon was due to the VDR status in 

these cells. 

Add-back of the VDR to VDRK240-/- cells did not appreciably rescue TCF-4 at the 

protein or mRNA level.  We later attributed this lack of a ‘complete’ response to the 

consequences of long-term absence of the VDR on DNA-methylation-mediated silencing 

of endogenous VDR-responsive promoters.  Fortunately, we simultaneously sought a 

colon cancer cell line in which to approximate these experiments with siRNA and over-

expression approaches.  CaCo2 cells were a good candidate due their extensive use in 

vitamin D research.  Analogous experiments with these cells revealed a 

1,25(OH)2D3/VDR-dependent, VDR-potentiated increase of TCF-4 at the protein and 

mRNA level that is appropriate for a vitamin D responsive gene.  Although the mouse 

and human reporter revealed numerous sequences that have been identified in the 

literature as functional VDRE half-sites, none of these were important for the regulation 

of TCF-4 by the VDR.  Further evidence suggests an indirect mechanism for the 

regulation of TCF-4 by VDR/1,25(OH)2D3. 

 

The identification of this vitamin D-sensitive mediator is of particular interest to us for 

numerous reasons.  TCF-4 is a major player in the β-catenin pathway and very little is 

known about its regulation.  Based on our literature search, two papers from the same 

group describe exogenous β-catenin/p300 and Egr1 as modulators of TCF-4 expression 
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in endometrial carcinoma cells210,211.  Interestingly, our lab had previously identified 

Egr1 as a gene that is down-regulated by Wnt3A within a few hours of treatment.  Logic 

followed that if Wnt3A is able to regulate Egr1, and Egr1 is able to regulate TCF-4, 

Wnt3A should also regulate TCF-4, especially since β-catenin is also shown to regulate 

it.  We used both 293 cells and CHO cells, which are known to be good models in the 

context of the Wnt pathway.  Recombinant Wnt3A affected neither Egr1, nor TCF7L2 

mRNA expression (see Appendix A; Figure A-7).  This could simply be a result of cell-

specific regulation of TCF-4 by vitamin D.  The other paper reports p53 as a negative 

regulator of human TCF7L2 at the mRNA level, and questionably at the protein level 

207,208.  We were able to recapitulate these data in CaCo2 and VDRK240-/- cells with a 

mouse TCF7L2 promoter reporter constructs.  Additional in silico promoter analysis 

revealed many putative Oct-1 binding sites, a result that was not surprising given the 

importance of both Oct-1 (Reviewed in302) and TCF/LEF family members (Reviewed 

in303) in stem cells.  Exogenous expression of an Oct-1 plasmid decreased in TCF7L2 

reporter activity (data not shown), but these results have yet to be verified (see Appendix 

A; Figure A-8). 

 

The addition of 1,25(OH)2D3 as an indirect modulator of TCF-4 expression has 

implications in many diseases beyond cancer.  The diabetes field has recently undergone 

a transformation due to the revelation that the TCF7L2 locus shows linkage 

disequilibrium with type 2 diabetes162.  Although an equally dramatic function for TCF-4 

in the pathology of the disease has yet to be defined, its role may transform our 
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understanding of the etiology of this disease.  If a critical function is assigned to TCF-4 in 

diabetes, its regulation will surely become a major focus in an effort to find novel 

treatments. 

 

In addition to its putative role in diabetes, TCF-4 has recently been linked to Ileal 

Crohn’s disease221.  Analysis of human small intestine samples from patients with Ileal 

Crohn’s disease revealed significantly fewer TCF7L2 transcripts.  This effect may be due 

to functional TCF-4 binding sites in the HD5 and HD6 promoters.  HD5 and HD6 are α-

defensins secreted by Paneth cells, and are considered microbocidal peptides.  Their 

impairment may contribute to continued inflammation with Ileal Crohn’s disease. 

 

Finally the implications for the regulation of TCF-4 in cancer are of primary interest to 

our laboratory in the Department of Oncology.  The consequences of up-regulation of 

TCF-4 on colorectal cancer seem obvious in the context of the oncogenic β-catenin 

pathway given the association between over-active β-catenin and this cancer.  However, 

our propensity to look at things simplistically in the context of signal transduction is 

naive.  The β-catenin and vitamin D pathways are known to intersect on numerous levels.  

One must consider the simultaneous effects of all these actions before making predictions 

regarding an ultimate phenotype.  Our analysis of these interactions predicts that an anti-

cancer effect is associated with the 1,25(OH)2D3/VDR-mediated up-regulation of TCF-4 

for several reasons: 
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• β-catenin activity is thought to be partially responsible for butyrate-mediated 

apoptosis in colorectal cancer cells 214.  Although butyrate does not induce 

apoptosis in CaCo2 cells, unlike the other cell lines tested, 1,25(OH)2D3 and 

several of its agonists do215.  This agonist-mediated apoptosis may be facilitated 

by a short-lived increase in TCF-4 expression in CaCo2 cells. 

• Butyrate is known to increase transcription initiation of oncogenic β-catenin 

target genes even though it is considered a therapeutic agent in colorectal 

cancer216.  However, butyrate is also able to block the elongation of these initiated 

transcripts such that total full-length transcripts are reduced216. This could be a 

mechanism whereby butyrate, and in the case of CaCo2 cells, 1,25(OH)2D3, can 

simultaneously exact apoptosis without inducing simultaneous proliferation. 

• TCF-4 has been shown to be a tumor suppressor134.  Although these data were in 

human breast samples, recent data show convincing evidence that TCF-4 

represses Wnt signaling and thereby growth rates in colorectal cancer cells that 

have abundant activated β-catenin135. 

• TCF-4 is a transcriptional repressor in the absence of β-catenin.  Upon 

introduction of vitamin D agonist, several intracellular phenomena involving β-

catenin are known to occur: 

o β-catenin and/or p300 are recruited away from WREs to VDR-bound 

promoters, causing a simultaneous synergistic activation of VDREs and a 

decrease in classical β-catenin activity171,186. 
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o Free β-catenin is prevented from undergoing nuclear translocation by 

cadherin-mediated transport of cellular β-catenin to membrane associated 

adherens junctions171,186. 

o TCF/LEFs are able to recruit other nuclear hormone receptors (and 

probably also VDR) along with a repressor complex (NCoR/SMRT/TLE) 

to WREs184,192. 

o Once co-repressors are bound to TCF/LEF, they are not easily displaced 

by β-catenin173. 

 

These data, taken together, led us to our model depicted in Figure 4-1.  All these 

phenomena, in conjunction, would induce a decrease in oncogenic β-catenin activity. 

 

We took great liberties in creating these hypotheses from the data we produced.  Much 

more work would need to be done to generate significant support of these hypotheses.  At 

the forefront of these future experiments is to demonstrate the 1,25(OH)2D3/VDR-

mediated TCF-4 up-regulation in other colorectal cancer cell lines.  It would behoove us 

to look at cell lines that over-express active β-catenin and cell lines that do not.  It would 

also be pertinent to look at this pathway in the context of other tissues, most notably 

another breast cancer cell line, since TCF-4 is considered a tumor suppressor in this 

organ134.  It may also be interesting to look at vitamin D-mediated regulation of other 
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family members, although since their adult tissue expression is varied, it would not be 

surprising if this phenomenon applies to TCF-4, only. 

 

Also of importance is identifying the species of TCF-4 that are present in CaCo2 cells.  

Since there are several forms that are specifically associated with generic repression (E-

tail, containing CtBP binding sites) and β-catenin repression (ΔC-term-TCF-4 and 

putative ΔN-TCF-4) it would be useful to know which ones are active in CaCo2 cells and 

may contribute to changes in β-catenin activity. 

 

The concept of 1,25(OH)2D3 in a role for mRNA stability was only tangentially touched 

upon.  This hypothesis is easily addressed with an Actinomycin D experiment.  Inhibiting 

de novo mRNA synthesis would indicate that any increase of TCF7L2 mRNA as assayed 

by qPCR is due to mRNA stabilization, not transcription.  Of course if this hypothesis 

were true it would beget a large number of questions, but it would also mean a paradigm 

shift for 1,25(OH)2D3’s function. 

 

To address the bottom-line effect of TCF-4 expression in CaCo2 cells several assays can 

be done.  One would be to look at the transcription of β-catenin target genes in response 

to 1,25(OH)2D3 within the same timeframe as the experiments performed in this body of 

work.  These results may be complicated by the apparent ability of transcripts to be 

differentially initiated and elongated by apoptotic agents, as described above.  An even 

more direct assay is to look at the effects of TCF-4 over-expression on cellular functions 
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that are associated with cancer such as cell growth, apoptosis, proliferation and 

migration. 

 

As mentioned, the mechanism of up-regulation of TCF7L2 is of particular interest.  

Because we could not completely preclude a direct mechanism of action for vitamin D, it 

would be prudent to do a broader search for VDREs.  It has been shown that VDREs can 

be located distally to TSSs.  This type of analysis has classically been done via a ChIP-

Chip assay in which large regions of the genome are assayed for binding VDR (Figure 4-

2).  In the event that the regulation is indirect, as we presume it to be, discovering the 

mediator(s) is important.  To do this, analysis of larger pieces of the promoter may assist 

us.  In fact, we have recently cloned 8000 bps of the human TCF7L2 promoter into a 

reporter construct.  Further in silico analysis of the upstream region, and even pieces of 

the downstream region, including introns, may reveal telling sequences for transcription 

factor/co-activator binding.  What may be most instrumental in the search for factors that 

bind the TCF7L2 promoter directly is a ChIP-Mass Spectroscopy assay.  In this 

hypothetical assay, an in vitro synthesized, biotin-labeled TCF7L2 promoter would be 

incubated with cell extracts and allowed to bind co-factors.  The biotin-labeled DNA 

would be crosslinked to its bound proteins and precipitated with streptavidin beads.  

These complexes would be reverse crosslinked and run on a 2D gel for mass 

spectroscopic identification. 
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Lastly, although these data are real in vitro, we have only the tissue staining that indicates 

that these events are occurring in vivo in animals, and in human tumor samples.  In order 

to take these data to the next level, human tissue samples from individuals with mutant 

VDR (e.g. E420Q and L417A), which cause hereditary vitamin D resistant rickets 

(HVDRR).  In this manner, we hope that these data can make a lasting impact on human 

disease. 

 

4-2B. FIGURES AND FIGURE LEGENDS 
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Figure 4-1. Schematic model of repression of β-catenin activity by 1,25(OH)2D3. 

The identified mechanisms of anti-cancer properties of vitamin D via its interactions with 

the β-catenin pathway, including the newly-introduced hypotheses derived from this 

work are represented schematically.  Treatment of cells with VDR agonists cause VDR to 

recruit β-catenin away from TCF/LEF-bound promoters causing a simultaneous 

synergistic up-regulation of VDR-responsive genes, and a de-activation of β-catenin 

responsive genes.  One VDR-responsive gene includes an unknown protein that induces 

TCF-4 (yellow diamond). When TCF-4 is bound to promoters in the absence of β-

catenin, it can then recruit repressors such as TLE, NCoR and SMRT and further repress 

β-catenin responsive genes.  In the presence of β-catenin, 1,25(OH)2D3-induced TCF-4 

may help to induce apoptosis. 
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Figure 4-2. Looping-out hypothesis of multiple, widely-spaced VDREs. 

(A) VDREs have been found via ChIP-chip analysis far upstream of the TSS as well as in 

enhancer elements located within introns of the mouse RANKL locus.  (B) Pike et. al. 

propose a looping-out mechanism whereby large pieces of DNA are looped out when 

VDR-bound VDREs are juxtaposed at the TSS. 

 

Reproduced with permission55: Pike,J.W. et al. Perspectives on mechanisms of gene 

regulation by 1,25-dihydroxyvitamin D-3 and its receptor. Journal of Steroid 

Biochemistry and Molecular Biology 103, 389-395 (2007). 
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4-3. EMBRYONIC DELETION OF THE VDR HAS LONG-LASTING EPIGENETIC EFFECTS 

ON VITAMIN D RESPONSIVE GENES 

4-3A. FURTHER DISCUSSION AND FUTURE DIRECTIONS 

 
The VDRK240-/- and VDR145+/+ cells obtained from VDR KO and WT mice, 

respectively, offer a wonderful opportunity to study the effects of vitamin D agonists as 

mediated by their receptor.  It is important to differentiate the rapid effects of vitamin D 

from the VDR-mediated genomic effects.  Although controversial, there is evidence that 

the calcemic effects of vitamin D are conveyed in a VDR-independent manner, however 

the VDR may be required for the overall effect74,75.  What is nevertheless well-received, 

is the hypothesis that the anti-cancer effects of vitamin D are relayed via the VDR.  Using 

cells null for the VDR can help us to identify new vitamin D targets that are involved in 

propagating its anti-cancer properties. 

 

The use of these cells to this end was hampered in our laboratory, by their inherent 

inability to behave predictably in the context of vitamin D signaling.  Namely, they did 

not up-regulate CYP24A1 mRNA in response to VDR rescue and ligand treatment.  

Although our lab does not do epigenetics research, we were curious about this 

phenomenon and pursued it from an epigenetics standpoint.  Treatment with various 

inhibitors revealed this to be the result of an aberrant methylation event in these cells.  

Needless to say, we quickly became well versed in the classical assays performed in labs 
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that research DNA methylation.  Although the search for a methylation event that affects 

the CYP24A1 promoter directly bore no fruit, this does not preclude a methylation event 

in other regions of the genome that control CYP24A1 expression (e.g. distal promoter 

regions, or enhancers; see Figure 4-2).  Such an event may prevent the recruitment of 

cofactors to the TSS, although we have determined that recruitment of the VDR is not 

affected in these cells. 

 

While this hypothetical is possible, and even likely, given our limited capacity to 

examine all CpGs via the analysis methods we chose, we soon generated an alternative 

hypothesis due to an unexpected twist of cell fate.  After several years of working with 

these cells, they reacquired their ability to respond to 1,25(OH)2D3 when rescued with 

exogenous VDR.  While it is not unusual for cancer cells and heavily passaged cells to 

acquire changes in methylation status, this is usually in the direction of more methylation, 

not less. 

 

These data, taken together with information from the literature, have led us to formulate 

and support several hypotheses regarding DNA methylation events (Figure 4-3): 

• Absence of the VDR, and cognate co-repressors, permits de novo methylation of 

the CpG islands within the CYP24A1 promoter.  This second principle, regarding 

generic protein-protection from CpG methylation, has been hypothesized back in 

the early ‘80s299 but there is little evidence to support it.  Furthermore, other 

concepts state that only inactive promoters can be methylated267,268, and that the 
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conspicuous absence of methylation on CpG islands is a hallmark of expression of 

these genes in the pre-implantation embryo237.  Our data/hypothesis fits with these 

data in that the CYP24A1 promoter clearly cannot be activated due to the absence 

of the VDR, and, since these cells are derived from VDR knockout animals, they 

have never, even during fertilization and embryogenesis, been exposed to the 

VDR that would otherwise prevent their methylation at these stages of 

development. 

• Methylation prevents recruitment of exogenous VDR and/or co-activators to the 

CYP24A1 promoter/enhancer regions.  Since generating this hypothesis, another 

group has published data supporting this phenomenon in freshly-isolated mouse 

endothelial cells82.  Although in our experiments we show recruitment of the 

VDR to a VDRE within the CYP24A1 promoter, we cannot rule out the 

possibility of exclusion of other co-factors by steric hindrance due to methylation 

at other sites. 

• Cells can become demethylated with continued passage and age.  DNA 

methylation is a very dynamic occurrence.  It is not unusual in the case of cancer 

and aging for the DNA methylation boundaries flanking CpG islands to ‘break 

down’ and allow spreading of heterochromatin in to these regions.  Given these 

two ‘facts’, we propose that heterochromatin, under these circumstances (as in our 

cells, which are both tumor cells and aged) is also able to migrate out of CpG 

islands causing ‘de-silencing’ of these genes. 
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• DNA methylation, and not histone deacetylation, holds the keys to unlocking 

silenced genes. This hypothesis does not delineate the order in which these two 

events occur, nor does it discredit that both are necessary for gene silencing.  

Based on the fact that HDAC inhibitor, TSA, was not required for re-expression 

after demethylation, the demethylation, in and of itself, was able to restore 

sensitivity of the CYP24A1 to 1,25(OH)2D3 in the presence of exogenous VDR. 

 

Again, the hypotheses proposed here make leaps between what is known about DNA 

methylation and our limited data, especially given the rampant controversy in the 

epigenetics literature in the first place.  Supporting evidence is not forthcoming with this 

cell system since they now respond to ligand in the absence of 5’Aza.  We would like to 

reestablish this system using fresh cells from VDR KO embryos.  Once we establish this, 

there are a number of tools we can use to look at DNA methylation events in these cells 

(Table 4-1). 

 

These methods, while powerful, look at global methylation status and can yield results 

that may not be easily identified with a specific gene.  Since we have a specific target in 

mind (VDR), we would like to begin with a ChIP-Chip assay for VDR with WT and KO 

cells as well as KO cells treated with 5’Aza or control to determine differential 

recruitment of the VDR to regions of the genome that may affect transcription of VDR-

responsive genes.  We would also propose a microarray experiment in which we treat KO 

cells with 1,25(OH)2D3 and 5’Aza or a control and look for differential expression 
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patterns.  In the event that this method reveals a myriad of vitamin D responsive genes, it 

would support our hypothesis regarding the protection from methylation of the many 

promoters that are classically occupied by the VDR and its cognate co-repressors. 

 

 

4-3B. FIGURES AND FIGURE LEGENDS
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Figure 4-3. Hypotheses generated by epigenetic studies of VDR-null mouse 

mammary tumor cells. 

(A) In the absence of VDR agonist, VDR occupies responsive promoters in a complex 

with co-repressors and the gene is inactive.  DNA remains unmethylated. (B) In the 

presence of VDR agonist, the co-repressor complex is released and a co-activator 

complex is recruited for gene transactivation.  DNA remains unmethylated. (C) The 

absence of the VDR, and thus co-repressor complex, in the pre-implantation embryo, 

yields an inactive gene whose promoter is accessible to DNMTs for de novo methylation.  

(D) Methylated promoters of VDR-responsive genes, are prevented from undergoing 

activation by liganded VDR due to steric hindrance and exclusion of exogenous VDR.  

(E) In the presence of 5’Aza, or during aging, promoters become unmethylated and return 

to their normal responsiveness upon addition of exogenous VDR and agonist.  DNA 

methylation is represented by black ‘lollipops’, while unmethylated CpG residues are 

depicted as white ‘lollipops’.
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Table 4-1. Methods for genome-wide screening for methylation alterations304. 



 192 

APPENDIX A: MISCELLANEOUS FIGURES
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Figure A-1. TCF-4 staining is more intense in the colon of VDR WT mice compared 

to KO mice. 

GI tissue from VDR WT (top) and KO (bottom) mice were processed and stained for 

TCF-4 (brown staining) and counterstained with hematoxylin (blue staining).  Images are 

magnified 200x.
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Figure A-2.  TCF-4 deficiency is not rescued by 1,25(OH)2D3/VDR  in VDRK240-/- 

cells. 

(A) VDRK240-/- cells were transfected for 24 hours with different amounts of VDR and 

treated with 10-7M 1,25(OH)2D3 for a subsequent 24 hours, as indicated.  mRNA was 

analyzed by qPCR for TCF7L2.   Data are normalized to β-actin expression, and plotted 

as fold-change relative to independent EtOH-treated controls.  Error bars represent SEM.  

There are no statistically significant differences in TCF7L2 mRNA expression.  (B) 

Western blot for TCF-4 and GAPDH after 5µg or 10µg of VDR for 24- or 48 hours in 

VDRK240-/- cells in the presence of serum. 
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Figure A-3. VDR/1,25(OH)2D3-mediated increase of TCF7L2 in CaCo2 cells is 

density dependent. 

CaCo2 cells were seeded at low (20% confluent), medium (50% confluent) and high 

(70% confluent) density and treated for 24 hours with 10-7M 1,25(OH)2D3.  qPCR data 

was used to analyze (A) TCF7L2 mRNA and (B) CYP24A1 mRNA.  Data are 

normalized to GAPDH mRNA expression and plotted as fold change over EtOH-treated 

cells at low density.  Error bars represent SEM.  Statistics were generated by student’s t-

test and p-value <.05 is indicated by *. 
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Figure A-4 (cont.)
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Figure A-4 (cont.)
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Figure A-4.  Mouse and human TCF7L2 promoter regions share 81% sequence 

identity up to 2500 bps. 

TCF7L2 promoter sequences were obtained from http://www.ensembl.org/index.html: 

human (Transcript ID ENST00000369396); mouse (Transcript ID 

ENSMUST00000111658) and aligned using ClustalW: 

http://www.ebi.ac.uk/Tools/clustalw2/index.html.  The top portion of the figure 

demonstrates percent sequence identity, boxed in red.  Numbers on the right-hand side of 

the figure indicate the relative bps for each sequence. 
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Figure A-5.  Putative VDREs in the -2068-luc reporter are not important for its 

regulation by VDR. 

(A).  Luciferase data from VDRK240-/- cells transfected for 24 hours with -2068-luc or 

empty vector, Renilla, and different amounts of VDR followed by a subsequent 24-hour 

treatment with 10-7M 1,25(OH)2D3 or EtOH control, as indicated.  (B) VDRK240-/- were 

transfected, treated and analyzed as in part A but with the triple-mutant -2068-luc 

reporter (d1502/d1153/d177).  All data are normalized to Renilla and empty-vector 

expression.  Statistics are the results of two-way ANOVA. *** p<.0001. 
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Figure A-6. CaCo2 cells increase basal TCF7L2 mRNA in response to treatment 

with CHX. 

CaCo2 cells were treated as described in figure 2-8 and qPCR data was normalized to 

GAPDH.  Fold-change was plotted relative to 0µg/mL CHX, EtOH-treated cells.  (A) 

TCF7L2 mRNA expression.  (B) CYP24A1 mRNA expression. p-value indicated is the 

result of student’s t-test. Error bars are SEM. 
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Figure A-7.  Neither TCF7L2 nor Egr1 are affected by Wnt3A. 

293 cells were seeded in 6-well plates and allowed to adhere overnight.  Treatment with 

fresh, recombinant Wnt3A or BSA (vehicle control) was carried out at different time 

points before harvest of all samples.  qPCR analysis of 293 cells treated for different 

amounts of time with Wnt3A (red line) or BSA control (blue line) for TCF7L2 (A) and 

CYP24A1 (B).  Expression is normalized to GAPDH. Error bars are SEM. 
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Figure A-8. Oct-1 may affect TCF7L2 expression. 

Luciferase data from CaCo2 cells transfected for 24 hours with -1038-luc, -2068-luc, or 

empty vector control (GW) and Oct-1 plasmid (white bars) or GFP control (black bars).
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Table A-1. Putative VDREs in the mouse and human TCF7L2 promoters. 

Location VDRE Type 5' or 3' Sequence Gene Reference

-177 DR4 5' TCTCCT
mouse Calbindin 

D28k 
198

-177/-187 DR4 3'/5' AGGGGA
quail slow myosin 

heavy chain
69

-187 DR4 3' AGGGAG human p21 68

-1153 DR3 5' AGGTTA
rat parathyroid 

related peptide
199

-1153 3' ATGCCA mouse c-fos 200

-1502 DR3 5' AGTTGA mouse RANKL 55

-1502 3' GGGTGT Rat calbindin D9K 201

Location VDRE Type 5' or 3' Sequence Gene Reference

+88 DR6 5' TCTCCT

mouse Calbindin 

D28k 198

+88 3' CGCCCT

rat, human, 

mouse CYP24A1 204

-162 DR4 5' AGGGGA

quail slow myosin 

heavy chain 69

-162 3' AGGGAG human p21 68

-685 DR3 5' GGGAGA

chicken integrin 

b3 202

-685 3' AGGGAG human p21 68

-808 DR4 5' GTGGGA

human growth 

hormone 203

-808 3' AGGAGA

mouse Calbindin 

D28k 198

-3646 DR4 5' AGTTGA mouse RANKL 55

-3646/-3656 DR6 3'/5' GGTCCA mouse c-fos 200

-3656 3' GAGGCA

chicken integrin 

b3 203

-3827 DR3 5' GTGGGA

human growth 

hormone 203

-3827 3' GGGAGA

chicken integrin 

b3 202

A

B

Mouse TCF7L2 Promoter

Human TCF7L2 Promoter
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