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Abstract 

The secosteroid hormone 1, 25-dihydroxyvi tamin D3 

(1,25(OH)2D3) exerts its effects through a receptor protein 

which is a member of a superfamily of steroid receptor 

proteins. The 1,25(OH)2D3 receptor protein (VDR) binds both 

hormone and DNA with high aff ini ty , thereby transcrip

tionally regulating the expression of a number of genes. 

A fragment of the cDNA to the human VDR containing 

essentially the entire open reading frame was transcribed 

and translated in vitro. 

demonstrated to exhibit 

The resulting protein was then 

the physical and functional 

features, i.e. molecular weight, immunoreactivity, 

1,25(OH)2D3 binding, and DNA-cellulose binding, of the native 

human receptor from the T47D cell line. This validates the 

authenticity of the cDNA in a cell free system and provides 

a biochemical means of generating this rare and labile 

macromolecule to use in heretofore difficult 

structure/function studies. 

The gene for rat bone gla protein (BGP) was isolated 

and 1250 bp including 1100 bp of 5' flanking DNA were placed 

upstream of the human growth hormone reporter gene. 

Following transient transfection into the osteoblast-like 

rat osteosarcoma cell line, ROS 17/2.8, the BGP promoter 

demonstrated a low level of basal activity that was 
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increased approximately ten-fold by addition of 10-8 M 

1,25(OH)2D3. A single 249 bp fragment (-523 to -274) was 

sufficient to confer hormone inducibility upon both 

heterologous and homologous promoters. Deletion studies, 

complemented by evaluation with synthetic oligomers, enabled 

localization of the 1,25(OH)2D3 response element (VDRE) to 

within 19 bp (-456 to -438), containing an element with an 

imperfect direct repeat (GGTGA(N4 )GGACA) and homology to 

other steroid responsive elements. This enhancer element 

was capable of strong synergism when present in multiple 

copies. Gel retardation assays demonstrated that partially 

purified VDR from chicken or rat bound specifically and with 

high affinity to a DNA fragment containing the putative VDRE 

and this binding was perturbed by monoclonal antibodies to 

the VDR. surprisingly, the 249 bp fragment, when linked in 

an antisense orientation with respect to the BGP promoter, 

blocked the basal and hormone dependent gene expression. 

However, a 245 bp fragment 5' to the 249 bp element (-1100 

to -855) restored 20-fold inducibility when linked to the 

first fragment in the same orientation. The presence or 

absence of this distal element also modulated the 1,25(OH)2D3 

response within the milieu of the native gene. Thus, the 

VDRE apparently cooperates with other elements to achieve 

the hormonal response observed in this gene. 
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Chapter 1 

steroid Receptors and Gene Regulation 

INTRODUCTION 

The field of steroid research has progressed from a 

small field of lipid chemistry to include such divergent 

areas as protein structure/function, metabolism, and 

mechanisms of transcriptional regulation. This has brought 

with it a corresponding increase in the complexities of the 

research and of the hypotheses to explain the data. This 

dissertation will report data pertaining to the mechanisms 

of action of the secosteroid hormone 1,25-dihydroxyvitamin 

D3, and attempt to place these data within the context of 

research on the mechanisms of action of the other steroid 

hormones. 

This first chapter provides an overview of the receptor 

proteins through which the steroid hormones work. It 

describes many of the physical properti~s of the receptors 

and gives an overview of some of the current theories 

concerning transcriptional regulation, which is the most 

important function of the receptors. Data are provided to 

demonstrate that the 1,25-dihydroxyvitamin D3 receptor 

possesses the properties expected of a receptor protein, and 
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to illustrate the regulation of one particular gene, bone 

gla-containing protein from rat, by 1,25-dihydroxy

vitamin D3 • 

BACKGROUND 

steroid hormones have been identified since the 

beginning of the twentieth century, however their mechanisms 

of action are still the subject of intense investigation 

today. These molecules are exceedingly important for proper 

development of most eukaryotes as well as controlling a wide 

variety of physiological responses. Improper regulation of 

these hormones has been implicated with a diverse array of 

clinical diseases, including cancer. 

These simple molecules achieve their myriad effects by 

acting through receptor proteins. These proteins first 

began to be identified in the mid-1960s (Toft and Gorski, 

1966) to early 1970s (Jensen and DeSombre, 1972), and by the 

early 1980s, many of the receptors had been purified 

(Ringold, 1985; Yamamoto,KR, 1985). These receptors were 

found to bind hormone with high affinity and bound avidly to 

DNA as well. Proteolytic studies suggested that the 

receptors were organized into separable hormone binding and 

DNA binding domains (Wrange and Gustafsson, 1978; Dellweg et 

al., 1982; Allegretto and Pike, 1985; Ichikawa and DeGroot, 

----------- ---- --
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1986; Allegretto et al., 1987; Carlstedt-Duke et al., 1987; 

Koike et al., 1987a; Smith and Harmon, 1987). Monoclonal 

antibodies raised against the purified receptors enabled the 

molecular cloning of the glucocorticoid receptor (Hollenberg 

et al., 1985; Danielson et al., 1986; Miesfeld et al., 

1986), estrogen receptor (Green et al., 1986; Greene et al., 

1986; Krust et al., 1986; Koike et al., 1987b; Weiler et 

al., 1987), progesterone receptor (Jeltsch et al., 1986; 

Loosfeldt et al., 1986; Conneely et al., 1987; Misrahi et 

al., 1987), and 1,25-dihydroxyvitamin D3 (1,25(OH)2D3) 

receptor (McDonnell et al., 1987; Baker et al., 1988; 

Burmester et al., 1988). Cloning of the glucocorticoid 

receptor revealed a strong homology with the viral oncogene 

v-erbA (weinberger et al., 1985). The cellular homologue of 

this oncogene, c-erbA, was in turn found to be the thyroid 

hormone receptor (Sap et al., 1986; Weinberger et al., 

1986). comparison of these cDNAs revealed two maj or regions 

of homology shared between all the receptors (Evans, 1988). 

This suggested that the receptors could all be a part of a 

superfamily of genes whose products are important in the 

control of transcription. 

The homologies between the receptors allowed the 

cloning of several additional receptors and receptor-like 

proteins through the use of low stringency screening. 

Receptor cDNAs isolated this way include the 
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mineralocorticoid receptor (Arriza et al., 1987), the 

androgen receptor (Chang et al., 1988; Lubahn et al., 1988; 

Tilley et al., 1989; Govindan, 1990), and multiple cDNAs for 

the thyroid hormone receptor (Benbrook and Pfahl, 1987; 

Thompson et al., 1987; Hodin et al., 1989) and retinoic acid 

receptor (Giguere et al., 1987; Petkovich et al., 1987; 

Benbrook et al., 1988; Zelent et al., 1989). Another 

receptor which responds functionally to retinoic acid, but 

is not a variant of the other retinoic acid receptors has 

also been cloned (Mangelsdorf et al., 1990). 

Several receptor-like molecules whose ligands are 

unknown have also been isolated (de The et al., 1987; Evans, 

1988; Giguere et al., 1988; Milbrandt, 1988; Miyajimi et 

al., 1988; Oro et al., 1988; Wang et al., 1989; Mlodzik et 

al., 1990; O'Malley, 1990). Some of these so-called orphan 

receptors have been shown to act as specific transcription 

factors (Wang et al., 1987; Hwung et al., 1988; Mlodzik et 

al., 1990). Whether ligands are required for their function 

remains unclear. However, in one of these proteins, the 

COUP transcription factor, homology was found across species 

in the region corresponding to the hormone binding domain. 

The first region of homology was the most similar (40%-

90%) and contained nine absolutely conserved cysteine 

residues. Mutations in this region abolished DNA binding 

without affecting hormone binding (Giguere et al., 1986; 
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Green et al., 19S6; Godowski et al., 19S7), and swapping 

this domain between receptors predictably changed the DNA 

response element binding specificity of the chimeric protein 

(Green and Chambon, 19S7). The invariant cysteine residues 

were positioned in a manner reminiscent of the "finger" 

structure proposed for the DNA binding domain of the 

transcription factor TFIIIA (Miller et al., 1985), wherein 

cysteine and histidine residues tetrahedrally coordinate a 

zinc ion (for review, see Evans and Hollenberg, 19S5; Berg, 

19S9). site-specific mutagenesis of these cysteine residues 

in the receptors abolished DNA binding (Green and Chambon, 

19S7; Freedman et al., 19S5; Severne et al., 19S5), and it 

was also shown that zinc was required for DNA binding 

(Colvard and Wilson, 19S4; Sabbah et al., 19S7; Freedman et 

al., 19S5; Haussler et al., 19S5c). The first eight of the 

nine conserved cysteine residues form two fingers, which 

genetic analysis revealed were from two separate exons 

(Arriza et al., 19S7; Huckaby et al., 19S7; Ponglikitmongkol 

et al., 19S5). Solution structure of the DNA binding domain 

of the glucocorticoid receptor confirmed the zinc finger 

model (Hard et al., 1990). The DNA binding site specificity 

was largely derived from three amino acids at the base of 

the first finger (Danielson et al., 19S9; Mader et al., 

1989; Umesono and Evans, 19S9). Mutation of these three 

amino acids changed the binding specificity of the 
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glucocorticoid receptor to that of the estrogen receptor, 

and vice versa. Conservation at these three sites separated 

the receptor superfamily into two groups, homologous to 

either the glucocorticoid receptor or the estrogen receptor. 

Another region at the base of the second finger appeared to 

mediate the ability of the receptor to recognize the spacing 

of the half elements of their binding sites (Umesono and 

Evans, 1989). The fingers themselves were also shown to be 

of importance by the finding of mutations in the 

"fingertips" of the 1,25(OH)2D3 receptor which led to 

hereditary vitamin D-dependent rickets (Hughes et al., 

1988). 

The second domain conserved among the receptors \V'as in 

the c-terminal end of the proteins. This domain was larger, 

and much less conserved ( 15-25%) than the DNA binding 

domains (Evans, 1988; Green and Chambon, 1988). The region 

contained a large number of hydrophobic amino acids which 

were speculated to form a pocket to bind the steroid, and 

alterations in this region led to a corresponding loss of 

hormone binding ability. The exact role of steroid hormones 

in the receptor-DNA interaction and transcriptional 

activation remains unclear (Bailly et al., 1986; Schauer et 

al., 1989). The complex c-terminal domain appeared to also 

contain signals for nuclear localization (Picard and 

Yamamoto, 1987), dimerization (Kumar and Chambon, 1988; 
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Forman et al. , 1989; Fawell et al. , 1990) and 

transcriptional activation (Kumar e't al., 1987; Miesfeld et 

al., 1987; Godowski et al., 1988; Hollenberg and Evans, 

1988; Metzger et al., 1988). 

Many receptors have been shown to form dimers in 

solution (Linstedt et al., 1986; Wrange et al., 1989) and in 

association with their binding sites (Tsai et al., 1988; 

Guichon-Mantel et al., 1989). Only the dimeric forms have 

sufficient affinity for their binding sites to influence 

transcription (O'Malley, 1990). While most data are 

reported for homodimer formation, heterodimer formation has 

been suggested between different members of the estrogen 

receptor subfamily (Forman et al., 1989; Glass et al., 1989) 

through a conserved region in the hormone binding domain 

(Fawell et al., 1990). 

Separating the transcriptional activation domains from 

the nuclear localization domains proved somewhat difficult, 

as nuclear localization is a prerequisite for transcrip

tional activation (Picard and Yamamoto, 1987). Defining the 

transcriptional activation domains was further complicated 

by the fact that many receptors have multiple regions 

capable of this function, some of which are hormone

dependent (Kumar et al., 1987), and others of which are 

constitutive (Danielson et al., 1987; Godowski et al., 1987; 

Hollenberg et al., 1987). To circumvent these problems, 
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chimeric proteins \~ere constructed fusing reg ions of the 

various receptors to the DNA binding domain of other \~e11 

characterized regulatory proteins. Using this method, the 

glucocorticoid receptor, progesterone receptor and the 

estrogen receptor were proven to possess hormone inducible 

transcriptional activation domains in their hormone binding 

domains (Godowski et al., 1988J Webster et al., 1988), and 

a second hormone-independent domain in the variable N

terminal half of the proteins (GodO\~ski et al., 1988J 

Hollenberg and Evans, 1988 J Tora et al., 1988). 'l'hese 

regions appear to be capable of both synergism (Ankenbauer 

et al., 1988J Cato et al., 1988J Cato and Ponta, 1989) and 

competition (Bocquel et al., 1989 J Meyer et al., 1989), 

depending upon the target gene and cell line used for the 

studies (Tora et al., 1988J Bocquel et al., 1989J Stanley, 

1989). Thus, the variability of the response suggested a 

requirement for other factors, which might be gene and/or 

cell-specific. Evidence to support this comes from studies 

with the glucocorticoid receptor, which has been shown to 

cooperate with proteins binding to NFl, SPl, CACCC, and 

octanucleotide sequences (Schule et al., 1988a, bJ Strahle 

et al., 1988). 

Current theories of transcriptional activation concur 

wi th this assessment. Transcription occurs through a 

complex set of basal transcription factors which help 
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recruit and position RNA polymerase II at the start site of 

transcription and begin the RNA synthetic process. The 

initial, and pivotal, step is binding of the transcription 

factor TFIID to a sequence containing the TATA box 

(Buratowski et al., 1989). The basal levels of transcrip

tion can then be modulated by interactions with regulatory 

factors such as the steroid receptors, which bind further 

away from the promoter (for review, see Johnson and 

McKnight, 1989). Activation is an extremely evolutionarily 

conserved process, as is demonstrated by the fact that 

steroid receptors can mediate hormonal activation in yeast 

(Metzger et al., 1988; Schena and Yamamoto, 1988; McDonnell 

et al., 1989a) and yeast basal transcription factors can 

substitute for mammalian factors in in vitro transcription 

systems (Buratowski et al., 1988; Cavallini et al., 1988). 

The mechanism of activation is currently the subject of very 

intense study (for review, see Lewin, 1990: ptashne and 

Gann, 1990). Briefly, the transcriptional activation 

domains of the regulatory proteins are thought to contact 

TFIID by looping out the intervening DNA (Schleif, 1988). 

Direct evidence of protein-protein interactions by the 

progesterone receptor has been obtained by Theveny et al. 

(1987) using electron microscopy. However, the recent 

cloning of TFIID from several different species (Cavallini 

et al., 1989: Eisenmann et al., 1989; Hahn et al., 1989; 
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Horikoshi et al., 1989; Schmidt et al., 1989; Fikes et al., 

1990; Gasch et al., 1990; Hoey et al., 1990; Hoffmann et 

al., 1990; Kao et al., 1990; Peterson et al., 1990) has led 

to somewhat contradictory results. While semipurified TFIID 

can mediate activation by transcription factors such as Spl 

in in vitro translation systems, sUbstitution of purified, 

cloned TFIID provides for basal transcription levels, but 

not activation (Pugh and Tjian, 1990). These results are 

interpreted to indicate the presence of a co-activator 

protein which links the regulatory factor to the TFIID via 

direct protein-protein contact. This conclusion is 

supported by the phenomenon of "squelching," wherein 

overexpression of a transcriptional activator can lead to 

inhibition of transcription, presumably by binding to and 

titrating out the co-activating protein (Gill and Ptashne, 

1988; Berger et al., 1990; Kelleher et al., 1990). It is 

this phenomenon which has been proposed to be the mechanism 

of competition between the different steroid receptors 

(Bocquel et al., 1989; Meyer et al., 1989). There are 

probably multiple co-activators, specific for each type of 

transcriptional activation domain, and possibly for 

different cell types (Cato and Ponta, 1989; Meyer et al., 

1989). Thus, it is these factors which may ultimately 

determine the hormonal regulation of any particular gene. 
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Another potential factor in the transcriptional 

activation by the steroid receptors is the phosphorylation 

state of the receptor. The glucocorticoid, progesterone, 

estrogen, androgen, and 1,25-dihydroxyvitamin D3 receptors 

have all been demonstrated to be phosphorylated .in. vivo 

(Dougherty et al., 1982; Auricchio et al., 1984; Grandics et 

al., 1984; Pike and Sleator, 1985; Singh and Moudgil, 1985). 

Of these, the phosphorylations of the glucocorticoid, 

progesterone, and 1,25-dihydrox~vitamin D3 receptors have 

been shown to be hormone-dependent (Logeat et al., 1985; 

Pike and Sleator, 1985; Sullivan et al., 1988; Hoeck et al., 

1989; orti et al., 1989). The functional significance of 

this event has yet to be proven. Yet, phosphorylation has 

been shown to playa major role in regulation of transcrip

tion by a number of transcription factors. Two examples of 

positive regulation of transcription through phosphorylation 

are the yeast heat-shock transcription factor (Sorger et 

al., 1987; Sorger and Pelham, 1988) and the mammalian cAMP 

response element binding protein (Yamamoto,KK et al., 1988; 

Gonzalez and Montminy, 1989; Gonzalez et al., 1989). Thus, 

it is perhaps significant that the hormone-inducible 

phosphorylation sites in the glucocorticoid receptor map to 

the transcriptional activation domain in the N-terminus 

(Hoeck and Groner, 1990). 
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MATERIALS 

Cell Lines 

HT-29, a cell line derived from a human adenocarcinoma from 

the colon, LLC-PK1 , a pig kidney cell line, and T4 7D, a 

human cell line derived from a ductal carcinoma from the 

breast, were all obtained from the American Type culture 

Collection. ROS 17/2.8, a rat osteosarcoma cell line, was 

a gift from Dr. Gideon Rodan's laboratory. 

Molecular Biology Kits 

The Prime-a-Gene random primer labelling kit, the Riboprobe 

transcription kit, and the rabbit reticulocyte transcription 

system were all obtained from Promega. The growth hormone 

assay kit was obtained from Nichols Institute Diagnostics. 

The Sequenase sequencing kit was obtained from u.s. 

Biochemicals. 

Hormones and Radiochemicals 

Unlabelled 1,25(OH)2D3 was a gift from Dr. M. Uskokovic at 

Hoffmann LaRoche, Inc. 1, 25-dihydroxy(26,27-methyl 

[3H] )vitamin D3 (1,25 (OH)2 [3H] D3) at 176 Ci/mmol was purchased 

from Amersham. This was diluted with cold 1,25(OH)2D3 to 

make the 45 ci/mmol. [35S ]methionine (translation grade) and 

[32P]orthophosphate were obtained from New England Nuclear. 
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METHODS 

DNA-Cellulose Chromatography 

1.6 x 108 HT-29 cells, a human adenocarcinoma from the 

colon, were labelled 90 min with 2.0 nM 1,25(OH)2[3H]D3 (45 

ci/mmol). Nuclei were isolated and VDR extracted with 10 roM 

Tris-HCI (pH 7.6), 2.5 roM dithiothreitol (DTT), 0.3 M KCI. 

The nuclear extract was diluted to 0.1 M KCI and DNA

cellulose chromatography carried out using a 10 ml column 

essentially as described previously (Pike and Haussler, 

1979) employing a 100 ml, linear gradient of 0.1-0.5 M KCI 

to elute the VDR. 3 ml fractions were collected and 1 ml of 

each counted by liquid scintillation spectrometry. 

Polyacrylamide Gel Electrophoresis 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SDS-PAGE) was performed essentially as described by Laemmli 

(1970) using 10% polyacrylamide gels. 

Metabolic Labelling 

LLC-PK" a porcine kidney cell line, and ROS 17/2.8 cells, 

a rat osteosarcoma cell line, were incubated for 4 hours in 

DMEM/FI2 minus methionine media (Gibco) supplemented with 2% 

fetal bovine serum and [35S]methionine (0.5 mci/mli 1100 

Ci/mmol). Cells were lysed in 10 roM Tris-HCI (pH 7.6), 0.3 



M KCI, 0.5% Triton X-100. 
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Extracts were centrifuged at 

218,000 x g for 40 min and supernatants used immediately or 

stored at -80 a C. 

Immunoprecipitation 

Cell extracts were immunoprecipitated 

monoclonal antibody 4A5y-Sepharose beads 

with anti-VDR 

(Pike et al., 

1983), essentially as described in Mangelsdorf et al. 

(1987b), except that EDTA was omitted from the solutions and 

no preclearing steps were performed. 

Northern Analysis 

Total RNA was isolated using guanidine isothiocyanate (Komm 

and Lyttle, 1984; Komm et al., 1988). Messenger RNA was 

selected using oligo (dT) chromatography ( Aviv and Leder, 

1972) • Approximately 10 J1.g of mRNA was loaded on a 1% 

agarose, 3% formaldehyde gel in IX MOPS buffer (20 roM 2-(N

morpholino)ethanesulfonic acid (MOPS), 5 roM sodium acetate, 

0.1 roM EDTA) and run at 90V for 2.5 hrs. RNA was electro

blotted (Komm et al., 1988) to Nytran in IX MOPS buffer, and 

vacuum dried at 80 a C. cDNAs to human VDR, rat BGP, and 

human actin were used as the source of the probes. 

Membranes were hybridized with random primer labelled cDNA 

(Prime-a-Gene, Promega) using 106 cpm/ml hybridization 

buffer and washed as described by Thomas et al. (1980). 

------------- ---
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Membranes were stripped between probings in 50% formamide, 

6X SSPE at 65°C for 30 min. 

RESUI.TS AND DISCUSSION 

The first evidence for a receptor molecule for 1,25-

dihydroxyvitamin D3 (l,25(OH)2D3) (Haussler and Norman, 1969) 

was published before l,25(OH)2D3 was even discovered 

(Haussler et al., 1971; Holick et al., 1971). However, it 

was not until over fifteen years later that the vitamin D 

receptor molecule (VDR) was reported to be purified to 

homogenei ty (Pike et al., 1987). In the interim, much 

biochemical knowledge about the protein was obtained (for 

review, see Haussler, 1986). The molecular weight of the 

receptor, as determined by immunoblotting and in vitro 

translation, varied with species, ranging from a 60 and 58 

kDa doublet in the chicken (Morrison et al., 1989), to an 

approximately 50 kDa protein in the human (Mangelsdorf et 

al., 1987b). Characteristic of steroid hormone receptors, 

the VDR bound its ligand, l,25(OH)2D3 with high affinity (Kd 

= 10.11 M) and specificity, was associated with chromatin, 

and bound to nonspecific DNA in vitro, but was present in 

only trace amounts « 0.001% of total cytosolic protein) 

(Haussler et al., 1968; Brumbaugh and Haussler, 1974a, b; 

Pike and Haussler, 1979; Simpson and DeLuca, 1980; Sher et 

-----------.--.. -.-



al., 1981 i Pike, 1982). 
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Like many of the other steroid 

hormone receptors, the DNA and hormone binding domains could 

be separated from each other by proteolytic cleavage 

(Allegretto and Pike, 1985; Mellon, 1985; Allegretto et al., 

1987). It was also demonstrated that both domains contained 

reactive sulfhydryl groups (Coty, 1980; Pike, 1981), 

implying the importance of cysteine residues in both 

domains. This supposition was borne out after the cloning 

of the 1,25(OH)2D3 receptor (McDonnell et al., 1987; Baker 

et al., 1988; Burmester et al., 1988), when it was shown 

that the receptor possessed the nine absolutely conserved 

cysteine residues typical of the steroid receptor DNA 

binding domain. Cloning was facilitated by the use of 

monoclonal antibodies raised against the receptor (Pike et 

al., 1982, 1983; Dame et al., 1985). The antibodies also 

permitted development of immunoblotting and immuno

precipi tation techniques. This in turn led to further 

studies on its species and tissue distribution (Mangelsdorf 

et al., 1987b) and to the discovery that the mammalian 

receptor was phosphorylated in a hormone-dependent manner 

(Pike and Sleator, 1985) . It also permitted immuno

cytochemical localization of the receptor to the nuclei of 

its target tissues (Clemens et al., 1988). 

Fig. 1 illustrates the hormone and DNA binding 

capabilities of VDR from a human adenocarcinoma of the 
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intestine, HT-29. After labelling the cells with 

l,25(OH)2[3H]D3, a high salt extract was made and passed over 

a DNA-cellulose column and eluted with a salt gradient as 

described by Pike and Haussler (1979). The receptor-bound 

hormone emerged as a single peak, eluting at a KCI 

concentration of approximately 0.23 M, thus showing that the 

receptor binds both l,25(OH)2D3 and non-specific DNA. 

Fig. 2 shows VDR from LLC-PK, cells, a pig kidney cell 

line, that was metabolically labelled, immunoprecipitated 

using a monoclonal antibody ( 4A5y) linked to Sepharose 

beads, and subjected to sodium dodecyl sulfate poly

acrylamide gel electrophoresis (SDS-PAGE). In lanes 1-4, 

the proteins are labelled with [35S ]methionine. The first 

two lanes were labelled in the presence of l,25(OH)2D3' and 

the second pair in the presence of vehicle (ethanol). The 

immunoprecipitations were performed in the absence (lanes 1 

and 3) or presence ( lanes 2 and 4) of free monoclonal 

antibody. The maj or band present at about 55 kDa (see 

arrowheads) is proven to be the VDR by the fact that the 

presence of excess free monoclonal antibody prevents 

association with the bead-bound antibody and subsequent 

immunoprecipitation. The mobility of the receptor in the 

hormone labelled lanes also appears to be very slightly 

retarded as compared to the control lane. This is 

demonstrated to be the result of a phosphorylation event in 
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Figure 1 Elution Profile of Human VDR from DNA-Cellulose 

A nuclear extract of 1, 25(OH)2[3H]Dl,-labelled HT-29 cells was 
loaded on a 10 ml DNA-cellulose column, waShed, and the VDR 
eluted with a linear KCl gradient (denoted by dashed line). 
The fractions were counted and the corresponding cpm 
designated by the solid line. . 

---------_._. ---
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Figure 2 Immunoprecipitation of Metabolically Labelled VDR 
from LLC-PK, Cells 

The VDR from pig kidney cells has a molecular weight of 
approximately 54 kDa, with the arrowheads denoting the 
unmodified and upshifted forms on 8D8-PAGE. 1,25(OH)2D3 
hormone and metabolic label (358 or 32p ) were administered 
simultaneously to the cells and incubated for 4 hrs. Only 
bands markedly reduced by the addition of excess free 4A5y 
monoclonal antibody are considered to be specifically 
immunoprecipitated. 

----------- ._- -.--
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lanes 5-8. These lanes are identical to lanes 1-4, except 

they are immunoprecipitations of cells labelled with 

[32p ] orthophosphate. A band is present which comigrates with 

the [35S ]methionine labelled VDR. This band is dramatically 

increased by treatment of the cells with 1,25(OH)2D3. Thus, 

the upshift is due to a hormone-dependent phosphorylation 

event. 

The demonstration of phosphorylation in a pig kidney 

cell line was novel, but the relatively low copy number of 

receptors in those cells made such studies difficult. This 

is underscored by a comparison of immunoprecipitated VDR 

from the LLC-PK, cell line and the ROS 17/2.8 cell line, a 

rat osteoblast-like cell line which expresses a relatively 

high amount of VDR. These data are pictured in Fig. 3. 

Lanes 1-4 show the VDR from [35S ]methionine labelled LLC-PK, 

cells and lanes 5-8 show the VDR from similarly treated ROS 

17/2.8 cells. The hormone treatment and antibody controls 

are the same as in Fig. 2. The amount of VDR from ROS 

17/2.8 cells is conclusively greater than that of the LLC

PK, cells, and with less background. 

The phosphorylation of rat osteoblast VDR is 

demonstrated in Fig. 4. The first four lanes show the 

migration of [35S]methionine-Iabelled VDR on SDS-PAGE. Lanes 

1 and 2 show VDR labelled in the presence of 10-8 M 

1,25(OH)2D3' and lanes 3 and 4 in the presence of vehicle 
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Figure 3 Comparison of VDR from LLC-PK, and ROS 17/2.8 
Cells 

LLC-PK and ROS 17/2.8 cells were metabolically labelled 
with [~5S]methionine for 4 hrs in the presence or absence of 
1,25(OH)2D3 hormone, and the immunoprecipitated VDR run on 
SDS-PAGE. Specificity of the immunoprecipitations was 
demonstrated by the use of free 4A5y antibody controls. 
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alone. There is a slight retardation of the mobility of the 

VDR from the hormone labelled cells, as denoted by the 

arrowheads. Lanes 2 and 4 show the effects of adding free 

4A5y to the immunoprecipitations, thus demonstrating 

specificity. Lanes 5-8 are identical to the first four, 

except that the cells were labelled with [32p]orthophosphate. 

Comparison of lanes 5 and 7 clearly demonstrate that the rat 

VDR is phosphorylated in a hormone-dependent manner. The 

phosphorylated VDR also comigrates with the upshifted form 

of the VDR seen with 1,25 (OH)2D3 treatment of the 

[35S ] methionine-labelled cells. Hormone treatment also 

appears to slightly increase the receptor quantity, which 

concurs with in vivo data from rat kidney (Costa and 

Feldman, 1986). 1,25(OH)2D3 has three main target tissues, 

the intestine, kidney and bone, in its homeostatic control 

of calcium in the blood. Examples of cell culture models of 

all three types, namely the intestinal HT-29 cells, the LLC

PK, kidney cells, and the osteoblastic ROS 17/2.8 cells, 

have been employed to probe the biochemical properties of 

mammalian VDR. The properties herein demonstrated are: i) 

1,25(OH)2D3 hormone and non-specific DNA binding, ii) 

molecular mass, iii) immunoreactivity to monoclonal 

antibodies raised against the chicken VDR, iv) and, most 

novel, aI, 25 (OH) 2D3-dependent increase in the apparent 

molecular mass which is accounted for by rapid 
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Figure 4 Immunoprecipitation of Metabolically Labelled VDR 
from ROS 17/2.8 Cells 

The VDR from rat osteosarcoma cells also has a molecular 
weight of approximately 54 kDa, with the arrowheads denoting 
the unmodified and upshifted forms on SDS-PAGE. 1,25(OH)2D3 
hormone and metabolic label (35S or 32p) were administered 
simultaneously as in Fig. 2. Free 4A5y monoclonal antibody 
was used to demonstrate specificity. 

---. - --------------
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phosphorylation of the mammalian VOR. The significance of 

this phosphorylation has yet to be ascertained, although it 

is quite conceivable that it could participate in regulation 

of transcriptional activation by the VOR. 

1,25 (OH) 203 was originally shown to stimulate the 

activity of RNA polymerase II in vivo (Zen"ekh et al., 

1974), and partially purified hormone-receptor complexes 

stimulated chromatin template activity in vitro (Zen"ekh et 

al., 1976). Building on these early findings, l,25(OH)2D3 

has been shown to transcriptionally regulate synthetic 

processes in a number of target tissues, including the 

intestine, kidney, and bone (Haussler et al., 1988a, b). 

One specific example in bone is the regulation of bone gla

containing protein (BGP) transcription and protein synthesis 

(Price and Baukol, 1980; Pan and Price, 1984). BGP, also 

known as osteocalcin, is a 5.8 kDa noncollagenous protein 

produced exclusively by osteoblasts, dentine, and a few 

osteoblast-like osteosarcoma cell lines such as ROS 17/2.8 

(Nishimoto and Price, 1980; Bronckers et al., 1985; Price, 

1989). It contains up to three residues of the vitamin K

dependent Ca2+ binding amino acid, gamma-carboxyglutamic acid 

(Gla) (Poser et al., 1980), and it was through these 

residues that the protein was first identified (Hauschka et 

al., 1975). BGP is an extremely abundant protein, 

accounting for 15-20% of the noncollagenous protein in bone 



of most vertebrates (Price, 1988). 
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Its exact role is 

unknown, although it has been suggested to influence bone 

mineralization, participate in calcium homeostasis, and 

perhaps be chemotactic in the recruitment of macrophages for 

bone resorption (Malone et al., 1982; Hauschka, 1986; Lian 

and Gundberg I 1988). While most newly synthesized BGP 

accumulates in bone, a small amount is secreted directly 

into the circulation and, generally, serum BGP reflects 

synthesis of the protein. It has been hypothesized that BGP 

synthesis is an indicator of bone formation, leading to the 

use of serum BGP levels as a non-invasive clinical indicator 

of abnormalities in bone metabolism (for review, see 

Epstein, 1989). 

Gene regulation by 1,25(OH)203 is illustrated in Fig. 

5 by Northern analysis of messenger RNA from ROS 17/2.8 

cells treated with either 10-8 M 1,25(OH)203 or ethanol as 

control. There are two transcripts coding for the VOR, a 

maj or band at 4.4 kb and a minor band at 3.0 kb. These 

messages are both upregulated approximately 2- to 4-fold by 

treatment with 1,25(OH)203. The transcript for BGP is only 

o • 5 kb in size, and is upregulated over 10-fold by treatment 

of ROS 17/2.8 cells with 1,25 (OH) 2°3. The actin mRNA is 

unregulated and was used as a control for the amount of mRNA 

loaded in each lane. There was slightly more mRNA loaded in 

the control lane, but this reveals the fold increase was 
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Figure 5 Northern Analysis of mRNA from ROS 17/2.8 Cells 

ROS 17/2.8 cells were treated for 24 hrs with either ethanol 
(-0) or 10-8 M 1,25(OH)203 (+0) and mRNA isolated. The mRNA 
was fractionated, transferred to Nytran, and probed 
sequentially with labelled cONAs to VOR, BGP, and actin as 
an unregulated control. The molecular size of the bands is 
shown with the arrows • 

. --- ----- --- --------
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actually greater than indicated by simple visual inspection. 

In conclusion, the 1,25(OH)2D3 receptor possesses all 

of the functional characteristics of a steroid hormone 

receptor. These include hormone binding, DNA binding, and 

the ability to mediate transcriptional regulation. Because 

ROS 17/2.8 cells possess the highest VDR level (15,000-

20,000 receptors/cell) of the cell lines tested, it is the 

best cell line currently available for studying the 

biochemistry and actions of the VDR. More significant, not 

only is the receptor upregulated at the mRNA level and 

phosphorylated in response to 1,25 (OH) 2D3 in ROS 17/2.8 

cells, but these cells also express the unique vitamin D

stimulated gene, BGP. 
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Chapter 2 

In vitro Transcription and Translation of the Human 

1,25-Dihydroxyvitamin ~ Receptor cDNA 

INTRODUCTION 

As stated in Chapter 1, the vitamin D receptor protein 

(VDR) is a rare protein (0.001% of soluble protein) of 

molecular weight 52-60 kDa that is phosphorylated upon 

hormone binding (Pike and Sleator, 1985; Haussler et al., 

1988a, 

quite 

b). In addition to its low abundance, it is also 

labile, especially upon purification from tissue 

extracts. In order to circumvent some of the problems 

encountered in recovering and manipulating the receptor, the 

human VDR was produced by transcribing and translating a 

fragment of the cDNA containing essentially the entire open 

reading frame. This technique has been used for the 

glucocorticoid (Hollenberg et al., 1985), thyroid hormone 

(weinberger et al., 1986), and progesterone receptors 

(Carson et al., 1987), as well as for other transcription 

factors such as junjfos (Nakabeppu et al., 1988; Gentz et 

al., 1989) and CREB (Gonzalez and Montminy, 1989; Gonzalez 

et al., 

vitro, 

1989) . 

of the 

This chapter reports the synthesis, in 

human 1, 25 (OH) 2D3 receptor and the 

..... _------
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demonstration that it possesses the biochemical properties 

of the native receptor. 

MATERIALS AND METHODS 

In vitro Transcription/Translation 

phVDR 1/3, a plasmid containing the hVDR cDNA (see Fig. 6), 

was digested with PvuII, and isolated by electroelution from 

an agarose gel. 2 ~g DNA was transcribed using SP6 

polymerase with the Riboprobe transcription kit (Promega). 

Manufacturer's methods were used, with the exception that 

capping was performed by incubating in the presence of 400 

~M m7GpppG cap dinucleotide and 400 ~M of each ribo-

nucleotide triphosphate. Messenger RNA was purified by 

manufacturer's suggested methods and translated in vitro 

using a rabbit reticulocyte lysate (2 ~g RNA in a total 

reaction volume of 50 ~l) augmented with 20 ~M ZnC12 in the 

presence or absence of 40 ~ci [35S ]methionine (1100 Ci/mmol) 

as directed by the manufacturer (Promega). Translation 

products were centrifuged at 218,000 x g for 40 min, and 

supernatants used immediately or stored at -80·C. 



38 

Polyacrylamide Gel Electrophoresis 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

(SOS-PAGE) was performed essentially as described by Laemmli 

(1970) using 10% polyacrylamide gels. 

Metabolic Labelling 

T470 cells were incubated for 2 hours in OMEM/F12 minus 

methionine media (Gibco) supplemented with 2% fetal bovine 

serum and [35S]methionine (0.5 mCi/ml; 1100 Ci/mmol). Cells 

were lysed in 10 roM Tris-HCI (pH 7.6), 0.3 M KCI, 0.5% 

Triton X-100. Extracts were centrifuged at 218,000 x g for 

40 min and supernatants used immediately or stored at -80°C. 

Immunoprecipitation 

Cell extracts or in vitro translation lysates were immuno

precipitated with anti-VOR monoclonal antibody 4A5y

Sepharose beads (pike et al., 1983), essentially as 

described in Mangelsdorf et al. (1987b), except that EOTA 

was omitted from the solutions and no preclearing steps were 

performed. 

DEAE Filter Binding Assay 

In vitro translation lysates were incubated 2-4 hours with 

2.5 nM 1,25 (OH) 2 [3H] 03 (176 Ci/mmol) in the absence or 

presence of a 100-fold molar excess of unlabelled 

------------ ---- ---
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1,25{OH)2D3. 50 ~l lysate was diluted with an equal volume 

10 mM Tris-HCI (pH 7.5) and mixed with 2 mIlO roM Tris-HCl 

(pH 7.5), 1% Triton X-100. This was then gravity filtered 

through two prewet Whatman DE81 filters, processed, and 

counted, essentially as described previously (Pike and 

Haussler, 1983). 

DNA-Cellulose Chromatography 

2.0 X 107 T47D cells were labelled 90 min with 2.5 nM 

1,25{OH)2[3H]D3 (176 Ci/mmol). Nuclei were isolated and VDR 

extracted with 10 roM Tris-HCI (pH 7.6), 2.5 roM dithio

threitol (DTT), 0.3 M KCI. The nuclear extract was diluted 

to 0.1 M KCI and DNA-cellulose chromatography carried out 

using a 10 ml column essentially as described previously 

(Pike and Haussler, 1979) employing a 100 ml 0.1-0.5 M KCI 

gradient to elute the VDR. 3 ml fractions were collected 

and 1 ml of each counted. For chromatography of in vitro 

synthesized VDR, 10 ~l of the lysates were labelled as in 

the filter binding assays, diluted to 1 ml, and loaded on a 

1 ml DNA-cellulose column. VDR was eluted either stepwise 

with 0.3 and 0.5 M KCI or with a 15 ml 0.1-0.5 M KCI 

gradient. 1 ml fractions were collected and 0.9 ml counted. 

-------------- ---
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RESULTS 

A fragment of the cDNA to the human VDR (denoted hVDR 

1/3; see Baker et al., 1988) subcloned into the EcoRI site 

of plasmid pGEM 4 was digested with PvuII and used as a 

template to transcribe RNA encoding essentially the entire 

protein (Fig. 6). hVDR 1/3 begins at nucleotide +4 in the 

cDNA, thus deleting the entire 5' untranslated region and 

ATG, , the natural ini tiating methionine. However, at 

nucleotide +10 in the cDNA, a second Kozak consensus start 

site for translation (Kozak, 1980) occurs in frame (ATG2). 

Thus, the in vitro synthesized protein is actually 3 amino 

acids shorter than the native human VDR. In order to 

demonstrate the transcription and/or the translation was not 

prematurely terminated, and to prove the difference in size 

between the native and in vitro synthesized protein was 

negligible, comparison was made with metabolically labelled 

human VDR from T47D cells, a human breast cancer cell line. 

When T47D VDR labelled with [35S]methionine was immuno

precipitated in the presence or absence of excess free 4A5y 

monoclonal antibody and subjected to SDS-PAGE (Fig. 7, first 

and second lanes, respectively), the maj or antibody-spec if ic 

band comigrated on SDS-PAGE with in vitro synthesized human 

VDR labelled with [35S]methionine (Fig. 7, third lane). 

Having confirmed that the VDR RNA was transcribed and 
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vitro 

hVDR 1/3 is depicted schematically underneath the full
length cDNA. The regions which code for the DNA and hormone 
binding domains are derived from protein mapping of the 
chick VDR (Allegretto et al., 1987), as well as homology 
with other members of the steroid/thyroid hormone receptor 
superfamily (Evans, 1988). Initiating methionine codons are 
marked as ATG, and ATG2 , respectively. hVDR 1/3 is subcloned 
into the EcoRI site of pGEM 4 to create phVDR1/3. 
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Figure 7 Comigration of In vitro Synthesized and 
Metabolically Labelled Human VDR 

0.5 x 106 cell equivalents of metabolically labelled T47D 
extracts were immunoprecipitated in the presence or absence 
of free 4A5y monoclonal antibody (the first two lanes, 
respectively). The third lane shows the total products of 
a translation with [35S ] methionine of hVDR 1/3 RNA. The 
products were fractionated on the same 10% SDS
polyacrylamide gel, and the photographs of the lanes spliced 
together to remove irrelevant information. The arrow 
denotes the position of the VDR band. 
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translated to its full length, we then assessed some of the 

physical properties of the in vitro synthesized protein. 

While a translation in the absence of added RNA yielded no 

labelled immunoprecipitable bands (Fig. 8, first lane), a 

single band was immunoprecipitated from an in vitro 

translation lysate primed with the synthesized RNA (Fig. 8, 

second lane). This band comigrated with the maj or band seen 

in the total products of a separate translation (Fig. 8, 

third lane). Therefore, the major translation product 

possesses the highly conserved antigenic domain found in 

VDRs from all species tested (Haussler et al., 1988b). 

Translations with unlabelled methionine in the presence 

or absence of RNA were tested for saturable 1,25(OH)2[3H]D3 

binding by DEAE filter binding assay. Fig. 9 illustrates 

that the in vitro synthesized protein clearly binds hormone 

in an apparently saturable, high affinity manner, while the 

translation lysate in the absence of RNA shows no 

significant hormone binding. 

Human VDR from T47D cells was subjected to DNA

cellulose chromatography. The VDR peak eluted from this 

column at 0.175 M KCI (Fig. lOA). In vitro synthesized 

human VDR was then tested for ability to bind DNA-cellulose. 

Fig. lOB establishes that in vitro synthesized VDR is 

retained on a DNA-cellulose column in low salt, and could be 

eluted by 0.3 M KCI, while translation lysates in the 



PLEASE NOTE 

Page(s) not included with original material 
and unavailable from author or university. 

Filmed as received. 

44 

University Microfilms International 



10000 

.QQ.Dl 5000 
Filter 

500 I 

Total Non
Specific 

hVDR RNA 

I I I 

Total Non
Specific 

-RNA 

45 

Figure 9 1,25(OH)2[3H]D3 Binding of In Vitro synthesized 
Human VDR 

Translations with unlabelled methionine in the presence or 
absence of hVDR 1/3 RNA were tested for 1,25(OH)2[3H]D3 
binding by the filter binding assay. Total and non-specific 
cpm bound per filter are shown, based upon triplicate assays 
using two different translations. 
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absence of RNA (cross-hatched area) did not bind to DNA. 

When in vitro synthesized VDR was eluted from a DNA

cellulose column with a linear gradient of KCl, the peak of 

hormone binding eluted at 0.175 M KCl, indistinguishable 

from that of the native VDR (Fig. 10C), although the 

recovery of DNA binding activity in the discrete peak at 

0.175 M KCI was ~50% in repeated experiments. Nevertheless, 

a significant amount of i~ vitro synthesized receptor not 

only binds DNA, but seems to do so with a similar affinity 

to native VDR. Therefore, post-translational modifications 

of VDR are apparently not required for basic receptor 

functions of hormone and non-specific DNA binding. It is of 

interest to note, however, that the in vitro synthesized VDR 

can be phosphorylated by casein kinase II (Jones et al., 

1990). While this phosphorylation is not hormone-dependent, 

it does prove that the VDR is a suitable substrate for a 

potentially important regulatory kinase. 

DISCUSSION 

In vitro transcribed and translated human VDR is shown 

here to possess the functional properties of native human 

VDR including 1,25(OH)2D3 binding, nonspecific DNA binding, 

and correct molecular mass. Also, the in vitro synthesized 

VDR reacts appropriately with anti-VDR monoclonal antibody 
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Figure 10 DNA-Cellulose Binding of Native T47D and In vitro 
Synthesized Human VDR 

(A) A nuclear extract of 1,25(OH)2[3H]D3-labelled T47D cells 
was loaded on a DNA-cellulose column, washed, and VDR eluted 
with a linear KCI gradient (denoted by dashed line). The 
fractions were counted and the corresponding cpm designated 
by the solid line. The peak hormone binding fraction 
(denoted bl, the arrow) had a concentration of 0.175 M KCI. 
1,25(OH)2[ H]DJ-Iabelled in vitro synthesized VDR was eluted 
from a DNA-cellulose column with either a step gradient (B) 
or a linear gradient (C) of KCI. KCI concentrations are 
marked with a dashed line and [3H] dpm with a solid line; 
cross-hatched areas in Band C illustrate dpm profile of 
experiments carried out in the absence of input mRNA. As 
with the native VDR, the in vitro synthesized VDR peak 
eluted at 0.175 M KCl. 

.. .. _-.. _--
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4A5y. This work complements the earlier demonstration that 

expression of the VDR cDNA in cos 1 cells generated a 

macromolecule that binds 1,25(OH)2D3 with high affinity and 

hormonal specificity (Baker et al., 1988), and concurs with 

the DNA-cellulose affinity of expressed VDR observed by 

McDonnell et ale (1989b). The present results provide a 

final verification of the authenticity of the human VDR 

clone via direct biochemical methodology. 

Several caveats to the use of in vitro synthesis for 

production of VDR must be noted. We have found in 

additional experiments that by including more RNA in the 

translation reaction, proportionally more receptor can be 

synthesized (data not shown). This suggests that 

translation is not occurring at optimum efficiency. 

Possibly, the lack of the normal 5' flanking DNA may 

decrease the efficiency with which the mRNA is translated. 

Further work is now underway to boost VDR production. A 

second problem is that the amount of VDR which binds to DNA

cellulose is 40%-60% less than the amount of VDR 

synthesized, as measured by hormone binding. The lack of 

smaller bands on SDS-PAGE in Figs. 7 and 8 demonstrates that 

this quanti tati ve discrepancy in DNA binding is probably not 

due to translation from alternate start sites, which might 

include the hormone binding domain, but truncate the DNA 

binding domain. It is possible that the DNA binding domain 

._--------- --- ---
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may have more difficul ty folding into the proper 

conformation than the hormone binding domain. This is 

perhaps understandable, as the DNA binding domain must 

tetrahedrally coordinate two Zn* atoms to form its 

characteristic finger structure, while the hormone binding 

domain is stabilized by hydrophobic forces. 

Denis and Gustafsson (1989) have reported that in vitro 

synthesized glucocorticoid receptor required activation by 

heating in order to become competent to bind DNA; this 

process may involve the dissociation of hsp90, which is 

found associated with the glucocorticoid receptor and other 

members of its subfamily. We have found that DNA-cellulose 

binding by in vitro synthesized VDR is not activated by 

heating (data not shown). Instead, heating appears to 

stimulate proteolysis of VDR so that DNA binding is 

decreased. Therefore, while the members of the subfamily of 

steroid receptors which include the glucocorticoid receptor 

appear to interact with the hsp90 protein, data with the in 

vitro translated thyroid hormone receptor (Dalman et al., 

1990), and that discussed here for VDR, seem to indicate 

that the subfamily containing the VDR does not bind hsp90. 

This subfamily may not require such interactions due to its 

stronger nuclear localization (Clemens et al., 1988; Samuels 

et al., 1988), or they may utilize other proteins associated 

with the DNA. Thus, VDR (and the thyroid hormone receptor) 
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appear to be fundamentally different from the glucocorticoid 

receptor subfamily in that they do not associate with hsp90, 

but rather, they may require an auxiliary nuclear protein 

for specific DNA binding to their response elements (Murray 

and Towle, 1989, Burnside et al., 1990). 

In conclusion, biochemical studies of the VDR have 

traditionally been hampered by the low abundance and the 

high lability of the protein. One way of attempting to 

circumvent the problems inherent in standard purifications 

of the VDR from tissue or cell culture is the use of in 

vitro transcription and translation of the cDNA. The data 

reported in this chapter indicate that the native and in 

vitro synthesized VDR are functionally similar, and 

accordingly, in vitro synthesis may be used as a feasible 

alternative source of VDR for many biochemical analyses. 
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Chapter 3 

Elucidation of the 1,25(OH)2~ Responsive Element 

INTRODUCTION 

Transcriptional regulation by steroid hormones is a 

process which requires a minimum of four components: the 

steroid hormone, the receptor protein, the binding site on 

the DNA for the receptor, and the basal transcription 

machinery. Having already discussed receptor structure and 

function, the binding sites are next considered. These 

binding sites, termed response elements, typically bear 

certain striking similarities and are reviewed in this 

chapter. Experimental data which describe the localization 

of the response element for 1,25(OH}2D3 from the rat BGP gene 

are also presented, and its features which are divergent 

from the other consensus response elements are discussed. 

MATERIALS AND METHODS 

Cloning the Rat BGP Gene 

A rat BGP cDNA was random primer labelled and used to screen 

425,000 recombinants of a rat genomic library (Clontech). 

Hybridizations were carried out overnight at 42°C in 50% 
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formamide, 5X Denhardt'u, 5X SSPE, 0.1% SDS, 100~g/ml ssDNA 

using 5 x 105 cpm 32P-Iabelled cDNA/ml. Filters were washed 

4 times in 2X SSC, 0.1% SDS for 5 min at room temperature, 

then twice in O.lX SSC, 0.1% SDS for 15 min at 65°C. Seven 

positive phage plaques were purified, and one clone was 

amplified. A single 2.4 kb EcoRI/HindIII fragment 

containing the entire gene including 1.1 kb of 5' flanking 

DNA was subcloned into pTZ18U (U.S. Biochemical), creating 

prBGP1. 

DNA Constructs 

The pOGH and pTKGH vectors were purchased from Nichols 

Institute Diagnostics. The prBGP1 vector was digested with 

EcoRI and AvaI to release a fragment of the BGP gene from 

-1100 to +149 (Fig. 12A), and the ends filled in with Klenow 

fragment (Promega). The insert was isolated and subcloned 

into the HincII site of pOGH to create prBGPGH. P2AGH was 

made by digesting prBGP1 with AvaI, filling in the end with 

Klenow fragment, then digesting with PvuII, isolating the 

fragment between -146 and +149, and subcloning into the 

HincII site of pOGH. The EcoRI/PstI, EcoRI/NcoI (both 

filled in with Klenow fragment), and the EcoRV/HincII 

fragments had NdeI linkers attached before subcloning into 

the NdeI sites of both pTKGH and P2AGH. The HincII/PvuII 

fragment had HindIII linkers added before subcloning into 

---- ---------
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pTKGH, P2AGH, E/N-P2AGH, and N/E-P2AGH. Oligomers CTl and 

CT2 contained sequences shown in Fig. 15, along with an NdeI 

overhang at the 5' end and a HindIII overhang at the 3' end. 

Oligomer CT3 possessed the stated sequence (Fig. 15) with 

NdeI overhangs at both ends and a complete HindIII 

restriction site immediately adjacent to the 3' end. 

Oligomers CT4 and CT5 posseElsed stated sequences with a 

complete end of a cleaved HindIII restriction site at the 5' 

end and a HindIII overhang at the 3' end. These synthetic 

oligomers were then subcloned into the appropriate sites in 

P2AGH. 

Exonuclease III Deletions 

The prBGPl vector was digested with Ava I , filled in with 

Klenow fragment, EcoRI linkers added, and digested with 

EcoRI. The fragment was then subcloned into pGEM7Zf (+) 

(Promega) to create prBGP2. For deletions from the BglII 

site, prBGP2 was digested with BglII and Sac!. For 

deletions from the HincII site, prBGP2 was digested with 

HincII and SphI. DNAs were then digested with exonuclease 

III (U.S. Biochemical) at 30°C, removing aliquots every 15 

sec in a modification of Henikoff (1984). DNAs were sub

sequently made blunt with mung bean nuclease (Stratagene) 

and religated. Deletion end points were determined by 

sequencing using a Sequenase kit (U.S. Biochemical). 
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Deletions from the BgIII site were excised with HincII and 

BstXI and from the HincII site with SacI and ApaI. Ends 

were made blunt with T4 polymerase (New England Biolabs) 

followed by HindIII linker addition. 

were then subcloned into P2AGH. 

Transfections 

Deletion fragments 

Transfections were performed by electroporation (Chu et al. , 

1987) of 50% confluent cultures of ROS 17/2.8 cells which 

were suspended in 1X HeBS at 8 x 106 cells/mI. Cells were 

pulsed at 200V and a capacitance of 960~FD in the presence 

of 40 ~g test DNA and 460~g of salmon sperm carrier DNA per 

cuvette. Cells from each transfection were resuspended in 

20 ml DMEM/F12, supplemented with 5% fetal bovine serum and 

5% newborn calf serum and plated into four 60mm plates. Two 

plates from each group were treated with control vehicle 

(0.1% ethanol) and the remaining two with 10-8 M 1,25(OH)2D3. 

CAT Assays 

40-45 hours after plating, plates were washed 2X with ice 

cold PBS. Cells were overlayed with 1 ml TEN (10 roM Tris

HCI (7.6), 1 roM EDTA, 100 roM NaCl). Cells were scraped with 

a plastic scraper, collected, and centrifuged 5 min at 7000 

x g. Pellets were resuspended in 300 ~l 250 roM Tris-HCI 
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(7.6) and lysed by three freeze/thaw cycles. Lysates were 

centrifuged 15 min at 12,000 x g at 4°C. Protein 

concentration was determined by the method of Bradford 

(1976). 100 ~g protein was incubated with 1.5 ~Ci 

[14C]chloramphenicol (50 ~ci/mmol; New England Nuclear) in 

150 jJ.l buffer containing 250 mM Tris-HCl (7.6), 0 . 5 mM 

acetyl CoA for 5 hr at 37°C. The reaction was stopped by 

addition of 500 ~l ethyl acetate. The organic layer was 

removed, air dried, and resuspended in 25 ~l ethyl acetate. 

This was spotted on a silica plate and thin layer chroma

tography performed in chloroform:methanol (9:1) for 1 hr. 

Growth Hormone Assays 

24 hr after plating, except where otherwise stated, 100 ~l 

aliquots of media were removed from each plate and assayed 

for growth hormone with a human growth hormone radio

immunoassay kit (Nichols Institute Diagnostics) following 

manufacturer's protocols. 

BACKGROUND 

The study of gene regulation by steroid hormones began 

as early as 1960, with the discovery of puff induction in 

giant chromosomes of insects by ecdysone (Clever and 

Karlson, 1960). During the 1970s, it was shown that 

---------------- ---
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administration of a hormone would result in the induction or 

repression of a relatively small number of genes (Ivarie and 

O'Farrell, 1978). Hormonal control of many of these genes 

has been shown to occur in a receptor-dependent manner at 

the level of mRNA transcription (see Ringold, 1985; 

Yamamoto,KR, 1985). Cloning of these responsive genes 

enabled identification of some of the sequences responsible 

for the hormone induction through the use of the techniques 

of gene transfer (Yamamoto,KR, 1985). These sequences, 

termed steroid response elements (SREs) , were able to confer 

hormone responsiveness on normally unresponsive genes in a 

relatively position- and orientation-independent fashion 

(Benoist and Chambon, 1981; Robins et al., 1982; Chandler et 

al., 1983; Slater et al., 1985). Thus, the SREs behaved like 

classical transcriptional enhancers, except their activity 

was dependent upon the presence of hormone. Consequently, 

transcriptional activation by steroid hormones was presumed 

to derive from the binding of hormone-receptor complexes to 

their respective SREs. In vitro footprinting confirmed this 

hypothesis. Footprinting was shown to occur using partially 

purified glucocorticoid receptor (Chandler et al., 1983; 

Payvar et al., 1983; Scheidereit et al., 1983; Scheidereit 

and Beato, 1984; von der Ahe et al., 1986; Danesch et al., 

1987; Jantzen,K et al., 1987), estrogen receptor (Druege et 

al., 1986; Klein-Hitpass et al., 1986), progesterone 

-------------- ---
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receptor (Chambon et al., 1984; von der Abe et al., 1985; 

Bailly et al., 1986), and thyroid hormone receptor (Glass et 

al., 1987; Koenig et al., 1987; Norman et al., 1989). 

with the increasing number of response elements 

reported, a consensus sequence emerged for the gluco

corticoid response element, or GRE, (GTTACAnnnTGTTCT) and 

the estrogen response element, or ERE, (AGGTCAnnnTGACCT) 

(Evans, 1988; Green and Chambon, 1988; Beato, 1989). These 

two response elements were palindromic in nature and bore 

obvious homology to each other. In fact, the ERE could be 

converted to a GRE by changing as few as two bases in 

homologous positions in the pal indromes (Klock et al., 

1987). While no clear consensus sequences have been 

identified for the progesterone, androgen, and mineralo

corticoid response elements, many GREs have been 

demonstrated to be capable of supporting induction by these 

receptors (von der Abe et al., 1985: Darbre et al., 1986; 

strahle et al., 1987; Cato and Weinmann, 1988; Chalepakis et 

al., 1988; Ham et al., 1988; otten et al., 1988). Subtle 

differences in the interactions of the glucocorticoid 

receptor and the progesterone receptor with the response 

elements from the mouse mammary tumor virus long terminal 

repeat (Chalepakis et al., 1988) and the chicken lysozyme 

gene (von der Abe et al., 1986) were revealed. However, the 

differences did not appear to be significant enough to 

----.-- ---
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completely account for the different physiological effects 

seen with the two hormones. Instead, it has been theorized 

that the hormone specificity is determined by the 

differential expression of the receptors (Strahle et al., 

1989) . 

Al though the thyroid hormone receptor could bind to the 

ERE, it could not activate transcription from the ERE (Glass 

et al., 1988). But, \vhile the exact sequence of a consensus 

thyroid hormone response element, or TRE, is still in 

question (see Samuels et al., 1989), one functional TRE, 

related to the ERE, has been set forth (TCAGGTCATGACCTGA). 

This completely palindromic sequence contained half elements 

identical to the consensus ERE half elements, but without 

the intervening spacer region. This demonstrated that SREs 

could be distinguished not only by their sequences, but by 

their spacing as well. Additionally, the TRE palindrome was 

proven to be capable of imparting retinoic acid respon

siveness on a heterologous promoter when in the presence of 

the retinoic acid receptor (Umesono et al., 1988), providing 

another instance of cross-talk between response elements. 

In summation, the similarities between the SREs, along with 

their interactions, suggested that they were a related 

family of sequences which may have coevolved along with the 

receptor superfamily (Green and Chambon, 1988). Their 

palindromic nature also suggested that receptors bound to 
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them as dimers, which was proven for the estrogen receptor 

by Kumar and Chambon (1988). Thus, given the similarities 

in the DNA binding domain between the VDR and the thyroid 

hormone and estrogen receptors, one might have postulated 

that the VDRE would be an inverted repeat with a sequence 

similar to that of the ERE or TRE. 

The genes for BGP from the human (Celeste et al., 1986) 

and rat (Yoon et al., 1988) have been cloned and sequenced. 

While independent groups localized a potential 1,25(OH)2D3 

response element (VDRE) to essentially the same location in 

the 5' flanking DNA of the human BGP gene (-509 to -489, 

Kerner et al., 1989; - 513 to -493, Morrison et al., 1989), 

somewhat conflicting data arose concerning the rat gene 

(Yoon, et al., 1988, Demay, et al., 1989, Lian, et al., 

1989, Theofan, et al., 1989, Demay, et al., 1990). Yoon et 

al. (1988) first reported the isolation and characterization 

of the rat BGP gene. They also localized a region of strong 

1,25 (OH)2D3 responsiveness between -1035 and -871 , with a 

second weakly responsive region further downstream. Demay 

et al. (1989) initially reported that the sequences within 

the first 1100 bp of 5' flanking DNA were sufficient for a 

1.5-fold induction by 1,25(OH)2D3' but the response could be 

increased 6-fold by the addition of 600 bp of further 5' 

DNA. This further 5' DNA was not able to mediate a hormone 

response by itself, however. Simultaneously, Lian et al. 

-'._----- ---------
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(1989) reported that the first 600 bp upstream of the BGP 

promoter was capable of supporting a 10-fold stimulation of 

transcription by 1,25(OH)2Dr Theofan et al. (1989) also 

reported the cloning of the rat BGP gene, but did not 

provide any data to localize the VDRE. Demay et al. (1990) 

further localized the VDRE to within 25 bp (-458 to -433) 

and advanced a VDRE containing three half elements, each 

similar to half elements of other steroid response elements. 

An oligomer containing this sequence was shown to have its 

mobility on a nondenaturing gel retarded in the presence of 

partially purified pig VDR. Shortly thereafter, Markose et 

al. (1990) reported that a nuclear extract from 1,25(OH)2D3 

treated ROS 17/2.8 cells showed a specific region of 

protection in a DNase I footprinting reaction. This region 

(-465 to -437) roughly corresponded to the region identified 

by Demay et al. (1990), and could also have its mobility 

shifted by ROS 17/2.8 nuclear lysates in a 1,25 (OH) 2D3-

dependent manner. The data reported in this chapter 

describe the simultaneous isolation of a VDRE upstream of 

the rat BGP gene which is in concert with recent reports 

from Demay et al. (1990) and Markose et al. (1990). 

However, the present work extends the definition of the VDRE 

to a novel structure and demonstrates the effects of 

multiple copies of the VDRE on the 1,25(OH)2D3 response. 
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RESULTS 

A rat genomic library was screened with a rat BGP cDNA 

clone and seven positive clones were identified. After 

purification of DNA from one of these clones, a 1250 bp 

EcoRI/AvaI fragment, containing 1100 bp upstream of the 

putative transcription start site and including sequences 

into the first intron, was subcloned into the reporter 

plasmid pOCAT, so that the BGP promoter directed expression 

of the chloramphenicol acet'yltransferase gene (CAT). The 

ensuing construct was transfected by electroporation into 

the rat osteosarcoma cell line, ROS 17/2.8. Cells were 

spli t into two groups and received either 10 -8 M 1,25 (OH) 2D3 

or ethanol as vehicle. Cells were treated for 72 hours, 

then harvested and the lysates assayed for CAT activity. 

The BGP promoter clearly directed transcription of the gene 

in a 1, 25 (OH)2D3-dependent manner (Fig. 11). 

As the CAT assay procedure was both time consuming and 

difficult to quantitate, it was decided to subclone the 

promoter fragment (Fig. 12A) into the growth hormone 

reporter plasmid, pOGH. This construct, prBGPGH (Fig. 12B), 

was transiently transfected into ROS 17/2.8 cells by 

electroporation. Media were assayed to measure growth 

hormone secreted at 24, 48, and 72 hours post-transfection. 

This experiment (Fig. 12C) demonstrated low levels of basal 
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Figure 11 The BGP Promoter Directs Hormone-Dependent 
Transcription of the Chloramphenicol 
Acetyltransferase Reporter Gene 

The 1250 bp EcoRI/AvaI restriction fragment containing the 
5 I flanking DNA and the promoter of the BGP gene was 
subcloned into SVOCAT. The resulting construct was 
transfected into ROS 17/2.8 cells and divided into two 
groups, receiving either ethanol or 10-8 M l,25(OH)2D3. 
After 40-45 hrs, cells were lysed and assayed in duplicate 
for chloramphenicol acetyltransferase activity. The enzyme 
controls had no cellular lysate, and were incubated in the 
presence (+ Cat) or absence (- Cat) of 1 J.1.g purified 
chloramphenicol acetyl transferase. Approximately 10-fold 
more acetylated chloramphenicol was detected in the 
l,25(OH)2D3-treated cells than in the untreated cells. 
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activity, which were increased approximately la-fold by the 

administration of 10-8 M 1,25(OH)2D3 for 24 hours. Growth 

hormone levels produced by the control plasmid, pOGH, were 

undetectable and unaffected by 1,25(OH)2D3 treatment (data 

not shown). Longer exposure to hormone led to a progressive 

decrease in the levels of induction (approximately four-fold 

at 48 hours and two-fold at 72 hours) as growth hormone 

accumulated in the media. since growth hormone has been 

shown to increase serum BGP when administered to growth 

hormone deficient children (Delmas et al., 1986), it is 

concei vable that the growth hormone produced by the reporter 

plasmid could feedback in an addi ti ve , but 1,25 (OH) 2D3-

independent manner to mask the magnitude of the 1,25(OH)2D3 

effect on transcription by enhancing growth hormone 

synthesis at the later time points. However, these data 

more likely reflect the biphasic response of BGP to 

1,25 (OH) 2D3 previously observed in rat osteosarcoma cells 

(Pan and Price, 1984). Thus, this fragment has been shown 

to possess significant basal and 1,25(OH)2D3 inducible 

promoter activity in two different transcriptional 

activation assays. 

In order to identify and localize regions of enhancer 

activity, restriction fragments from the 5' flanking DNA 

were subcloned upstream of the herpes simplex virus 

thymidine kinase (TK) promoter linked to the growth hormone 

- _._-_._--._--------- -._--- -- -. 



Figure 12 Schematic Diagram, Subcloning of the 5' Flanking 
Region of Rat BGP Gene, and Time Course of 
1,25 (OH) ?D3 Influence on Transcription of the 
Transfected BGP/Growth Hormone Construct 

A) A linear representation of the region of the rBGP gene 
examined in these studies is depicted, along with a scale 
marker. The black box shows the position of the first exon; 
the stippled box illustrates the region containing the VDRE; 
and the open box shows the region which can complement the 
VDRE. position +1 denotes the transcription start site 
(Yoon et al., 1988), and the letters denote restriction 
enzyme sites used throughout these studies: E-EcoRI, R
EcoRV, N-NcoI, H-HincII, B-BgIII, S-SacI, Pv-PvuII, Ps-PstI, 
A-Ava I , Ap-ApaI. 
B) The initial construct, prBGPGH, was made by subcloning 
the EcoRI/AvaI fragment shown in part A and illustrated here 
with vertical lines, upstream of the growth hormone gene, 
illustrated with diagonal lines, present in the reporter 
plasmid pOGH. 
C) ROS 17/2.8 cells were transfected with prBGPGH as 
described in Materials and Methods. Immediately following 
electroporation, cells were divided into 2 duplicate groups 
and treated with either ethanol (open bars) or 10-8 M 
1,25(OH)2D3 (stippled bars). Growth hormone secretion into 
the media was assayed at the indicated times by RIA. 
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Figure 12 Schematic Diagram, Subcloning of the 5' Flanking 
Region of Rat BGP Gene, and Time Course of 
1,25 (OH) ~D3 Influence on Transcription of the 
Transfected BGP/Growth Hormone Construct 
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gene (Fig. 13). A 955 bp EcoRI/PstI fragment (-1100 to 

-145, refer to Fig. 12A for location of restriction enzyme 

sites) conferred a 1.5- to 2.0-fold hormonal induction on 

the heterologous promoter (E/P-TKGH) . Moreover, this 

increase was orientation independent, characteristic of an 

enhancer (data not shown). Yoon et ale (1988) had pre

viously reported that deletion of sequences between -1022 

and -871 resulted in a marked decrease in response of the 

rat BGP gene to 1,25(OH)2D3. Two different restriction 

fragments containing this DNA (EcoRI/NcoI {-1100 to -857} 

and EcoRV/HincII {-1046 to -523}, see Fig. 12A) failed to 

impart any hormone responsiveness in conjunction with the TK 

promoter (E/N- and R/H-TKGH, Fig. 13). In fact, a slight 

repression of transcription was apparent. However, a more 

3' 249 bp HincII/pvUII fragment (-523 to -274, see Fig. 12A) 

did elicit hormone responsiveness (2- to 2.5-fold) with the 

TK promoter, in an orientation independent manner (H/P- and 

P/H-TKGH, Fig. 13). Therefore, these results demonstrated 

that the HincII/PvuII fragment contained a 1, 25 (OH) 2D3-

responsive enhancer sequence, while such an element was 

apparently absent in the 500 bp upstream of this fragment. 

Since the hormonal induction of thymidine kinase by the 

BGP sequences was modest, constructs were made using the 

native BGP promoter (Fig. 14). This promoter, a 297 bp 

PvuII/AvaI fragment (-146 to +151, see Fig. 12A), exhibited 

-----'------------- ---
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fold 1nduction 
by 1,25(QHnD3 

E Ps TK GH 
E/P-TKGH 1.6 X 

E N 
E/N-TKGH 0.7 X 

R H 
R/H-TKGH , , 

0.7 X 

H py 
H/P-TKGH 2.2 X 

py H 
P/H-TKGH 2.5 X 

Figure 13 5' Flanking DNA from the Rat BGP Gene Enhances 
Transcription of a Heterologous Promoter 

Restriction fragments of the 5' upstream region of rBGP 
(refer to Fig. 12A for location and nomenclature of 
restriction enzyme sites) were subcloned into pTKGH, a 
reporter plasmid in which the growth hormone (GH) gene is 
expressed under the control of the herpes simplex virus 
thymidine kinase (TK) promoter, and are represented here 
schematically. ROS 17/2.8 cells were transfected with these 
constructs and treated with either 1,25(OH)2D3 or ethanol for 
24 hr as described in Fig. 12C. The fold increase in growth 
hormone secretion over control levels in response to hormone 
is indicated numerically on the right. All results are 
representative of 2-4 separate experiments. 

---------- .-. --
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basal promoter activity, but did not respond to 1,25(OH)2D3 

when linked to the growth hormone gene (P2AGH, Fig. 14). 

However, when the EcoRI/PstI fragment was subcloned 5' to 

P2AGH (E/P-P2AGH, Fig. 14), 1, 25 (OH)2D3-stimulated induction 

was reestablished. Similar to their lack of enhancer 

activity when fused to the heterologous TK promoter, the 

EcoRI/NcOI and EcoRV/HincII fragments had little effect on 

hormone responsiveness of the BGP promoter (E/N- and R/H

P2AGH, Fig. 14). But, when the HincII/PvuII fragment was 

inserted upstream of the BGP promoter, a 10-fold induction 

by 1,25 (OH)2D3 was observed (H/P-P2AGH, Fig. 14), consistent 

with its demonstrated function as a vitamin D responsive 

region (Demay et al., 1990). 

In order to localize the VDRE more precisely, sets of 

opposing unidirectional deletions from both the HincII and 

BgIII restriction sites (see Fig. 12A and Materials and 

Methods) were created using exonuclease III. 

deletions were tested for their ability 

The subsequent 

to stimulate 

1,25 (OH) 2D3-dependent transcriptional activation when linked 

5' to the BGP promoter/growth hormone reporter construct. 

For the deletions extending 3' to 5' from the BgIII site, 

this ability was lost coincident with excision of DNA 

between bases -431 and -448 (~B4 and ~B5-P2AGH, Fig. 14). 

Deletions proceeding 5' to 3' from the HincII site lost 

their transcription activation ability between -483 and 

~ ... -~ .~-.-----.-.----------.~--. ---
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Figure 14 Localization of the VDRE Using Restriction 
Fragments and Exonuclease III Deletions 

A 300 bp PvuII/AvaI restriction fragment was subcloned 
upstream of the GH gene in pOGH and demonstrated to be a 
hormone unresponsive basal promoter (P2AGH). This construct 
is depicted along with a series of constructs in which DNA 
was subcloned 5' to this basal promoter. E/P-, E/N-, R/H-, 
and H/P-P2AGH represent restriction fragments cloned into 
the basal construct. Constructs created by unidirectional 
deletion using exonuclease III from the BglII and HincII 
sites are given the prefix AB or AH, respectively. The end 
points of the deletions are as marked. As in Fig. 13, the 
fold induction by 1,25(OH)2D3 over control levels is 
indicated on the right, and is representative of 2-4 
separate experiments. 

----------_ .. _. -.. -. 



69 

-429 (AH2 and AH5-P2AGH, Fig. 14). Thus, deletion analysis 

suggested that the VDRE was located between -483 and -431, 

with the 3' end of the element residing between -431 and 

-448. 

Next, a series of oligomers was synthesized to evaluate 

hormone responsiveness of specific sequences within this 

region. The first oligomer, CT3, was synthesized to span 

from -467 to -428 (sequence shown at top of Fig. 15). A 

single copy of this oligomer linked to the BGP promoter 

exhibited a 13-fold response to 1,25(OH)2D3 (CT3-P2AGH, Fig. 

15). A second oligomer, CT1, corresponded to the sequence 

between -467 and -447 and demonstrated significant homology 

with the 3' half of the proposed VDRE-containing region of 

the human BGP gene (Kerner et al., 1989; Morrison et al., 

1989). The third oligomer, CT2, overlapped with 4 bases at 

the 3' end of CTI and extended to -431. This oligomer 

contained an inverted repeat similar to the consensus 

estrogen response element, GGTCAnnnTGACC (Klock et al., 

1987; Glass et al., 1988). This was intriguing in light of 

the homology wi thin the DNA binding domains between the 

estrogen receptor and the 1,25(OH)2D3 receptor (Evans, 1988; 

Umesono and Evans, 1989) • However, nei ther of these 

oligomers were able to generate 1,25(OH)2D3-responsive 

transcription in conjunction with the BGP promoter (CTi- and 

CT2-P2AGH, Fig. 15). Since neither CT1 nor CT2 functioned 
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Figure 15 The VDRE Is an Imperfect Direct Repeat 
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The sequence of oligomer CT3 is shown at the top, with the 
putative VDRE proposed by Demay et al. (1990) marked with 
arrows. The endpoints of each oligomer are numbered 
inclusively. A single copy of each oligomer was subcloned 
upstream of P2AGH. The fold induction over control levels 
is shown on the right as before. The sequence of our 
proposed VDRE is shown at the bottom, with the orientation 
of each half element denoted by the arrows. 

--- - - ------ --- ------- ---- - -------
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alone, while CT3 acted as a 1, 25 (OH)2D3-responsive enhancer, 

it was concluded the VDRE must overlap the junction between 

the two smaller oligomers. Two further oligomers were 

synthesized to test this hypothesis. CT4 contained a 

putati ve tripartite element, composed of three half elements 

(see arrows at the top of Fig. 15), each of which bears 

homology to half of an estrogen response element (GGTCA). 

The half elements are evenly spaced with a gap of four 

nucleotides between each, and the second and third ones are 

posi tioned so as to form an imperfect inverted repeat, 

similar to the other well characterized hormone response 

elements (Evans, 1988; Green and Chambon, 1988). This 

element has been identified as a putative VDRE by Demay et 

al. (1990). CT5 partially overlapped CT4 and contained some 

further 3' sequences as well. A single copy of either 

oligomer was sufficient to impart hormone responsiveness on 

both homologous (CT4- and CT5-P2AGH, Figs. 15) and 

heterologous (CT4- and CT5-TKGH, Fig. 16) promoters. These 

data confirm the results presented previously with the 

heterologous TK promoter (Fig. 13) as well as strongly imply 

that the minimal VDRE must be located within the overlapping 

regions of CT4 and CT5. This overlapping sequence (-456 to 

-438, shown at the bottom of Fig. 15) contains only two of 

the three half elements contained in the putative VDRE 

(Demay et al., 1990). Thus we propose that the minimal VDRE 
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is actually an imperfect direct repeat, analogous to the 

retinoic acid response element upstream of the retinoic acid 

receptor B gene (de The et al., 1990) and the thyroid 

hormone response element upstream of the a-myosin heavy 

chain gene (Flink and Morkin, 1990), with the possibility 

that the third half element may augment the response, but 

not be absolutely required. 

As many transcriptional activating proteins can 

function synergistically (Ankenbauer et al., 1988; strahle 

et al., 1988; Cato and Ponta, 1989; Courey et al., 1989; 

Carey et al., 1990), the consequences of increasing the 

number of receptor binding sites was investigated utilizing 

both the homologous BGP promoter and the heterologous TK 

promoter. While inclusion of a single copy of either CT4 or 

CT5 produced significant activation (Fig. 16), when multiple 

cOpies of either oligomer were present in the transfected 

construct, 1,25 (OH) 2D3 response increased dramatically (CT44-

and CT54-TKGH, CT44- and CT54-P2AGH, Fig. 16). This effect 

is much greater than a simple additive effect, indicating a 

very strong synergism caused by additional enhancer 

elements, possibly elicited by the binding of multiple 

copies of the VDR. 

-- ---------------------
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Figure 16 The VDRE 
with the 

Can Function Synergistically, Either 
Natural BGP Promoter or With a 

Heterologous Promoter 

Single or multiple copies of oligomers CT4 and CT5 (see Fig. 
15) were subcloned into both P2AGH and TKGH. The fold 
induction by 1,25(OH)2D3 over control levels of each 
construct is shown at the right, and is representative of 2-
3 separate experiments. The amount of growth hormone 
secreted by the multimeric enhancer constructs treated with 
hormone was extrapolated from a 1:4 dilution of the media, 
so as to fall within the linear portion of the standard 
curve. 

----------_._- '-._. 
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DISCUSSION 

This chapter describes the localization of a vitamin D 

response element upstream of the rat BGP gene. This element 

is proposed to be an imperfect direct repeat (Fig. 15). 

Other groups have also recently proposed steroid/thyroid/ 

retinoid response elements which were not simple inverted 

repeats. Brent et al. (1989) have reported that the thyroid 

response elements upstream of the rat growth hormone gene 

appear to be clusters of half elements which may be direct 

or inverted repeats. The retinoic acid response element 

upstream of the human retinoic acid receptor B gene has been 

suggested to be a direct repeat (de The et al., 1990), as 

has the thyroid response element upstream of the human 

a-myos in heavy chain gene ( F I ink and Morkin, 1990 ) • A 

potential VDRE upstream of the mouse osteopontin gene has 

also been identified as a direct repeat (Miyazaki et al., 

1990; Noda et al., 1990). These proposed direct repeats 

have been aligned in Fig. 17. The RARE from the retinoic 

acid receptor-B gene and the VDRE from osteopontin share a 

core hexamer, GTTCAC (shown in bold letters), but differ in 

the spacing of these half elements. Likewise, the TRE from 

the a-myosin heavy chain gene and the VDRE from the rat BGP 

gene share identical half elements, GGTGA and GGACA (shown 

with outlined letters), with differential spacing. Thus, 



Comparison of Responsive Elements for 
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Figure 17 Comparison of the Retinoic Acid, vitamin D and 
Thyroid Hormone Response Elements 

The sequence of response elements from the human retinoic 
acid receptor-B gene, the mouse osteopontin gene, the rat 
BGP gene, and the human a-myosin heavy chain gene are 
indicated. Homologous sequences between the RARE and VDRE 
are marked with bold lettering, and homologous sequences 
between the VDRE and TRE are shown with outlined lettering. 
Matching bases between the two VDREs are indicated with the 
dots. 

--------- -- -
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the two VDREs would appear to have the least similarity. 

However, if they are aligned, there is a region with 8/11 

identical bases (shown with the dots). In contrast to the 

findings reported here, the VDRE from the human BGP gene has 

been suggested to be a tripartite element, containing two 

inverted repeats with a conserved GGTGA motif (Morrison et 

al., 1989). Should these proposed VDREs prove correct upon 

further investigation, it would seem to indicate that the 

1,25(OH)2D3 receptor possesses a considerable plasticity in 

its ability to recognize and functionally utilize specific 

DNA binding sites. Likewise, there appears to be 

considerable interplay between the thyroid hormone, retinoic 

acid, and vitamin D response elements. It has been 

demonstrated that the retinoic acid receptor can bind to and 

stimulate transcription of constructs containing either 

palindromic TREs or a native rat growth hormone TRE (Umesono 

et al., 1988; Forman et al., 1989). Also, Schule et ale 

(1990) report that the human BGP VDRE can mediate transcrip

tional activation by retinoic acid. As a final level of 

complexity, Forman et al. (1989) also report that the 

thyroid hormone and the retinoic acid receptors can form 

heterodimers. This interaction is postulated to occur 

through a leucine-zipper-like motif which is conserved 

between all three receptor proteins. Similar heterodimers 
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have been suggested to occur , .. ith the VDR and the thyroid 

hormone receptor (Forman and Samuels, 1990). 

A consensus AP-1 enhancer element overlaps the proposed 

human BGP VDRE (Schiile et al., 1990). A potential non

consensus AP-1 element has also been identified in the rat 

BGP gene by Lian et al. (1989) and it too overlaps , .. ith the 

putative VDRE. Functional interactions between these two 

elements have been demonstrated in the human gene (Schiile et 

al., 1990), where the VDR and the fos/jun complex, the pair 

of oncogenic transcription factors , .. hich binds to the AP-1 

site, compete for binding to the overlapping elements. It 

is therefore tempting to speculate the occurrence of sinlilar 

interactions in the rat. 

The finding of synergism caused by increasing the 

number of available binding sites is quite interesting (Fig. 

16) . The data do not clearly differentiate whether the 

effect is due to cooperative binding to the elements or 

whether it is due to increased interaction with the 

transcriptional machinery. The recent findings of Carey et 

al. (1990) with multiple copies of the GAL4 binding site 

support the latter hypothesis, while the data using 

multiple copies of a GRE/PRE to interact with the proges

terone receptor tend to support the former (Tsai et al., 

1989). In either case, these constructs provide a useful 

tool for elucidation of the transcriptional activation 
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domains of the VDR, and eventually for use in in vitro 

transcription systems. 

In summary, a functional vitamin D response element has 

been identified from the rat BGP gene. This VDRE is capable 

of imparting hormone responsiveness on both homologous and 

heterologous promoters in a relatively orientation

independent manner, thus demonstrating classical enhancer 

properties. However, in contrast to many other steroid 

response elements which are inverted repeats, this VDRE is 

proposed to be an imperfect direct repeat. Finally, the 

VDRE has been shown to be capable of mediating a strongly 

synergistic response when present in multiple copies, 

implying the ability of the VDR to cooperate, potentially 

with other proteins, in achieving transcriptional effects. 

----------- ----- ----
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Chapter 4 

Gel Mobility Shift Analysis of the VDRE 

INTRODUCTION 

An obligate requirement for a VDRE is that the VDR must 

bind specifically to that DNA. The most convincing method 

of demonstrating this would be to establish that purified 

VDR protected the VDRE from digestion with DNase I or 

methylation by DMSO. These footprinting reactions, however, 

are nearly impossible to perform unambiguously, given the 

present inability to purify functional VDR. Consequently, 

methods utilizing less pure preparations must be used to 

demonstrate the protein-DNA interaction, until such time as 

overexpression of the VDR facilitates purification of the 

VDR to homogeneity. 

One of the simplest, yet most powerful, methods which 

meets the requirements is the gel mobility retardation 

assay, or gel shift assay. This is based on the reduced 

mobility of protein-bound DNA complexes compared to unbound 

DNA during gel electrophoresis. originally used to study 

the components of the bacterial lac operon system (Fried and 

Crothers, 1981; Garner and Rezvin, 1981), it is now widely 

---------- -_. -_. 
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used in the studies of gene regulation, DNA replication, and 

recombination. 

In this chapter, it is shown that the VDR binds to the 

proposed VDRE in a specific, high affinity manner, producing 

a gel mobility shift on non-denaturing polyacrylamide gels. 

The species from which the VDR is derived does not effect 

the binding of this VDRE, nor does the presence of 

1,25 (OH)2D3 under the assay conditions used. In vitro 

synthesized VDR, however, does not efficiently shift the 

mobility of a VDRE-containing oligomer. Reasons for this 

anomaly are discussed. 

MATERIALS AND METHODS 

Blue Dextran-Sepharose Column and Gel Mobility Shift Assays 

Chicken intestinal VDR, fractionated with 0.06-0.15% Polymin 

P (Pike et al., 1983), was resuspended in TD (10 mM Tris-HCI 

(pH 7.4), 5 mM DTT) and labelled with 58 nM 1,25(OH)2[3H]D3 

(1.9 Ci/mmol) for 2 hr, then dialyzed against two changes of 

4.5 I TD. The dialyzed material was then applied to a 30 ml 

blue dextran-Sepharose column, washed with KTDM 0.11 (TD 

with 10 roM MgCI, 0.11 M KCI), and eluted with a 100 ml KCl 

gradient from 0.11 to 0.9 M. 3 ml fractions were collected 

and 0.5 ml used for scintillation counting and conductivity 

readings. Peak 1,25 (OH) 2 [3H] D3-containing fractions were 

----~-------
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either used directly or pooled, then concentrated and 

desalted with an Arnicon filter to an approximate volume of 

0.7 mI. Aliquots were stored at -80°C. 7 ~l aliquots from 

the pooled fractions were incubated for 20 min at room 

temperature without DNA, then 15 min with 1 ng of the 

appropriate DNA, end-labelled with Klenow fragment, in a 

total volume of 25 ~l containing 10 mM Tris-HCI (pH 7.6), 50 

mM NaCI, 1 mM DTT, 1.25 ~g poly (dIodC), and 15% glycerol. 

3 -5 ~g of each monoclonal antibody were added with the 

protein when stated. After incubation, 2 ~l tracking dye 

was added, samples were loaded directly onto a pre-run 4% 

polyacrylamide gel ( 80 : 1 acrylamide: bis ratio) and 

electrophoresis was performed in 0.25X TBE at 10 rnA for 1 

hr. Gels were dried and autoradiographed. 

Western Blots 

Western blots were performed as in Mangelsdorf et ale 

(1987a) with the following modifications. Samples were 

electrophoresed on a linear 5-15% gradient polyacrylamide

SDS gel, using piperazine diacrylamide in place of bis

acrylamide, and electrotransferred to Immobilon (Millipore) 

in a buffer containing 25mM Tris-HCl, pH 7.4, 192 mM 

glycine, O. 001% SDS, and 20% methanol. 

utilized 9A7y as primary antibody. 

Immunodetection 

---------- ~-~ ---
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BACKGROUND 

Kumar and Chambon (1988) were the first to display a 

specific gel mobility shift by a steroid receptor, 

specifically the human estrogen and glucocorticoid 

receptors. Shortly afterward, Bagchi et al. (1988) reported 

similar findings with the human progesterone receptor. Both 

groups reported that the observed shifts were largely 

hormone-dependent. Since these publications, many steroid 

receptors have been proven to gel shift specific DNA 

fragments. These include the chicken progesterone receptor 

(Rodriguez et al., 1989; Tsai et al., 1989), the mouse 

estrogen receptor (Curtis and Korach, 1990; Fawell et al., 

1990), the human androgen receptor (Govindan, 1990), the rat 

thyroid hormone (Murray and Towle, 1989; Norman et al., 

1989), and the rat 1,25(OH)2D3 receptor (Demay et al., 1990; 

Markose et al., 1990). Many of these other groups, however, 

did not observe any hormone-dependence of their gel shifts. 

This discrepancy has led to much debate over the function of 

the hormone binding domain. Brown and Sharp (1990) have 

recently published what may be an explanation for the 

seemingly contradictory results. They reported that human 

estrogen receptor expressed in a baculovirus system bound to 

an ERE hormone-independently under low salt conditions. 

Increasing sal t, especially Mg2+, led to binding in a 

------------_. --
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hormone-dependent fashion. Thus, hormone-independent 

response element binding may be an artifact of the in vitro 

conditions. 

RESULTS AND DISCUSSION 

In order to demonstrate that the 1,25(OH)2D3 receptor 

was binding to the putative VDRE identified in Chapter 3, 

gel shift analyses were performed. Chicken intestinal 

extracts, fractionated with Polymin P, were labelled with 

1,25(OH)2[3H]D3 and subjected to blue dextran-Sepharose 

column chromatography. Individual fractions eluted from the 

column were analyzed for bound tritiated hormone via 

scintillation counting (Fig. 18A) and assayed for their 

ability to retard the mobility of the VDRE-containing 188 bp 

HincII/BgIII fragment (-523 to -335, see Fig. 12A) through 

a nondenaturing polyacrylamide gel (Fig. 18B). The fragment 

was retarded by those fractions in which the 1,25(OH)2[3H]D3 

profile demonstrated the presence of VDR (Fractions 71-78, 

Fig. 18A and 18B). Under these conditions of low VDR 

concentration, three retarded bands were observed. The two 

most retarded bands correlated well with the hormone binding 

peak. Furthermore, a monoclonal antibody raised against 

partially purified chicken VDR, an IgM denoted 8D3~ (Pike et 

al., 1983), produced a still greater retardation of the 

-------------_. -_. 



Figure 18 Hormone Binding Fractions of VDR Purified by Blue 
Dextran-Sepharose Chromatography Shift the 
Mobility of a Restriction Fragment containing the 
Putative VDRE in a Polyacrylamide Gel 

A) Chicken intestinal VDR enriched by polymin P 
fractionation was labelled with 1,25(OH)2[3H]D3 and applied 
to a blue dextran-Sepharose column. The elution profile 
from the beginning of the salt concentration gradient is 
shown. The radioactivity profile is marked with the solid 
line and the salt concentration ~radient with the dashed 
line, with the peak of 1,25(OHh[ H]D3 eluting at approx
imately 0.35 M KCI. 
B) The mobility of a 32P-Iabelled HincII/BgIII fragment 
containing the putative VDRE in a nondenaturing 
polyacrylamide gel in the absence of added protein is shown 
in lane C. Aliquots from individual fractions of the column 
in part A are added to the DNA as described in Experimental 
Procedures. The lane marked 74+Ab included a monoclonal 
antibody against the VDR (8D3~) in addition to the fraction 
74 aliquot. 
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Figure 18 Hormone Binding Fractions of VDR Purified by Blue 
Dextran-Sepharose Chromatography Shift the 
Mobility of a Restriction Fragment containing the 
Putative VDRE in a Polyacrylamide Gel 
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fragment in the gel (fraction 74+Ab, Fig. 18B). The 

presence of hormone-receptor complex in the same fractions 

as the competence to shift the HincII/BglII fragment, plus 

the enhanced shift produced by the receptor antibody, argues 

that the mobility shift is at least partially attributable 

to VDR interacting with the fragment. 

western blot analyses of 1,25 (OH) 2D3-containing 

fractions from a second blue dextran-Sepharose column 

revealed that the receptor doublet at 60 and 58 kDa, 

characteristic of intact chicken VDR, was detectable (filled 

arrowheads, Fig. 19A), as well as a major proteolytic 

fragment of approximately 54 kDa (open arrowhead, Fig. 19A). 

These three peptides comigrated with 1,25(OH)2[3H]D3, unlike 

several smaller «30 kDa) immunoreactive fragments. The 

argument that VDR was responsible for the gel shift was 

further substantiated by pooling the peak 1, 25 (OH)2D3-binding 

fractions eluted from the blue dextran-Sepharose column and 

demonstrating the mobility shift of the HincII/BglII 

fragment to be receptor specific by the addition of 

different monoclonal antibodies against the receptor (4A5y, 

9A7y, and 8D3~) (Pike et al., 1983). In Fig. 19B, it is 

clear that the shift was significantly inhibited by mono

clonal antibodies 4A5y and 9A7y (lanes 3 and 4), two 

monoclonal antibodies with epitopes within the DNA binding 

region of VDR, just c-terminal of the zinc fingers. When 
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antibody 8D3~ was utilized, an enhancement of the retar

dation was seen (Fig. 19B, lane 5), while a nonspecific 

monoclonal antibody (B220~) failed to affect the migration 

of the fragment (Fig. 19B, lane 6). Fragment specificity 

was demonstrated by competition analysis with a 100-fold 

molar excess of unlabelled HincII/BgIII fragment as well as 

by a 100-fold molar excess of unlabelled CT3 (Fig. 19B, 

lanes 7 and 10), both of which drastically reduced the gel 

shift. conversely, the mobility shift was not markedly 

influenced by a similar excess of unlabelled NcoI/HincII 

fragment (Fig. 19B, lane 8) or EcoRV/NcoI fragment (Fig. 

19B, lane 9), both of which are of similar length to the 

HincII/BgIII fragment. The selectivity of the DNA-protein 

interaction was additionally investigated by titrating the 

amounts of specific versus nonspecific unlabelled competitor 

DNA required to inhibit the observed shift. The NcoI/HincII 

BGP fragment (see Fig. 12A) was utilized as the nonspecific 

DNA control. competition for formation of the shifted 

complex was observed with as little as a 10-fold molar 

excess of unlabelled HincII/BgIII fragment and became more 

pronounced with increased concentrations of competitor (Fig. 

19C, lanes 3-6). A 100-fold molar excess of unlabelled 

NcoI/HincII yielded very little, if any, competition (Fig. 

19C, lanes 7-10). 

------------- ---



Figure 19 western Blot Analysis of VDR Purifed by Blue 
Dextran-Sepharose Chromatography, and Antibody 
and DNA Specificity of the Gel Shift 

A) A blue dextran-Sepharose column experiment similar to 
that depicted in Fig. 18 was performed, and aliquots of the 
peak hormone binding fractions were subjected to Western 
blot analysis. The three peak fractions, shown here, all 
displayed the doublet at 60 and 58 kDa which is expected for 
the intact chicken VDR (filled arrowheads), as well as a 
major proteolyzed fragment at approximately 54 kDa (open 
arrowhead). 
B) The three peak fractions evaluated in part A (above) 
were pooled. Lane 1 shows the mobility of the 32P-Iabelled 
188 bp HincII/BgIII fragment in the absence of added 
protein. Lane 2 shows the shift caused by adding protein 
from the pooled peak fractions. Lanes 3-5 show the effects 
on this shift of adding monoclonal antibody against the VDR 
to the incubation (4A5y, 9A7y, and 8D31-', respectively), 
while in lane 6, a nonspecific monoclonal antibody (B220I-') 
is added. The effects of a lOa-fold molar excess of 
unlabelled HincII/BgIIl ( lane 7), Ncol/Hincll ( lane 8), 
EcoRV/Ncol (lane 9), and CT3 (lane 10) are also shown. 
C) Lanes 1 and 2 show the unshifted and shifted 188 bp 
fragments, respectively. A 10-, 25-, 50-, or lOa-fold molar 
excess of unlabelled specific DNA (lanes 3-6) or nonspecific 
DNA (Ncol/Hincll, lanes 7-10) was added. 
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Figure 19 western Blot Analysis of VDR Purified by Blue 
Dextran-Sepharose Chromatography, and Antibody 
and DNA Specificity of the Gel Shift 
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The peak 1, 25 (OH)2D3-containing fractions were also used 

in gel retardation assays with the various oligomers. Fig. 

20 reveals that oligomer CT2 is not shifted by the fractions 

compared to its control lane (lanes 3 and 4), CTI and CT3 

are weakly shifted ( lanes 1 and 2, and lanes 5 and 6, 

respectively), and CT4 and CT5 are both shifted extensively 

(lanes 7-10, respectively). While the weak shifting of CT3 

is probably due to certain technical problems, the fact that 

CTI weakly shifts, combined with the observation that CT5 

shifts slightly better than CT4, suggests that the 5' end of 

the defined VDRE is more important than the 3' end for VDR 

binding. However, the presence of the 3' end of the VDRE is 

required for transcriptional activation, as demonstrated by 

the lack of response by CTI (Fig. 15). 

The pooled peak chicken VDR fractions from Fig. 18 were 

used to confirm further the identity and specificity of 

binding to CT4 (Fig. 21). Fragment specificity of the gel 

shift was demonstrated by competition analysis with a 100-

fold molar excess of unlabelled oligomer CT5 (Fig. 21A, 

lanes 3), which drastically reduced the gel shift. Con

versely, the mobility shift was not :markedly influenced by 

a similar excess of unlabelled CT2 (Fig. 21A, lane 4). The 

shift was again demonstrated to be receptor specific by the 

addition of monoclonal antibodies against the VDR. The 

shift was significantly inhibited by monoclonal antibodies 
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Figure 20 Gel Shift of Various Oligomers 

The pooled peak fractions from Fig. 19A were used to shift 
each of the oligomers from the area of the VDRE (see Fig. 
15) . The migration of each oligomer in the absence or 
presence of added protein is shown. 
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Figure 21 Antibody and DNA Specificity of the Gel Shift of 
Oligomer CT4 

A) Lane 1 shows the mobility of the 32P-labelled oligomer 
CT4 in the absence of added protein. Lane 2 shows the shift 
caused by adding protein from the pooled peak fractions. In 
lanes 3 and 4, a 100-fold excess of the indicated unlabelled 
competitor oligomer was added. In lanes 5-7, non-specific 
monoclonal antibody B220jL and specific monoclonal antibodies 
4A5y and 9A7y were added, respectively. 
B) Lanes 1 and 2 show the unshifted and shifted oligomer 
CT4 , respectively. A 10-, 25-, 50-, or 100-fold molar 
excess of unlabelled oligomer CT5 (lanes 3-6) or nonspecific 
DNA (oligomer CT2, lanes 7-10) was added • 

. _---------- ._-- - ... 
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4A5y and 9A7y (Fig. 21A, lanes 6 and 7), , .. hile the control 

nonspecific monoclonal antibody (B220) failed to affect the 

migration of the fragment (Fig. 21A, lane 5). The 

selectivity of the DNA-protein interaction was again 

investigated by titrating the amounts of specific versus 

nonspecific unlabelled competitor DNA required to inhibit 

the observed shift. Pronounced competition for formation of 

the shifted complex was observed \ .. ith as little as a 10-fold 

molar excess of unlabelled CT5 and became more complete with 

increased concentrations of competitor (Fig. 21B, lanes 3-

6), while up to a 100-fold molar excess of unlabelled CT2 

yielded no competition (Fig. 21B, lanes 7-10). Therefore, 

the observed shift , .. as exhibited to be a consequence of 

full-length, or nearly full-length, VDR binding to the 

oligomer CT4 and the binding was specific for that VDRE

containing fragment. 

Gel mobility shifts with protein from a homologous 

species were obtained by using nuclear lysates from 

untreated ROS 17/2.8 cells. The lysates caused formation of 

four shifted complexes of oligomer CT4 (Fig. 22, lane 2). 

Three of these complexes were competed by a 50-fold excess 

of both unlabelled oligomers CT4 and CT5 (Fig. 22, lanes 3 

and 4), but not CT2 (Fig. 22, lane 5). The non-specific 

monoclonal antibody B220 had little effect on the mobility 

shift (Fig. 22, lane 6), while monoclonal antibodies 4A5y 
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Figure 22 Gel Shift of Oligomer CT4 Using ROS 17/2.8 
Nuclear Extract 

Lanes 1 and 2 show the migration of CT4 in the absence or 
presence, respectively, of nuclear extract from ROS 17/2.8 
cells. Lanes 3-5 show the effects of a 100-fold excess of 
the indicated unlabelled competitor oligomer. In lanes 6-8, 
non-specific monoclonal antibody B220~ and specific mono
clonal antibodies 4A5y and 9A7y were added, respectively. 
In lane 9, 10-8 M l,25(OH)2D3 was added to the incubation. 

------------- ---
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and 9A7y both inhibited the three DNA specific complexes to 

varying degrees (Fig. 22, lanes 7 and 8, respectively). 

Interestingly, the fastest migrating shifted complex was the 

only one completely blocked by the antibodies, implying that 

it is the only complex to be absolutely dependent on the 

presence of VDR. Lastly, addition of 10-8 M 1,25(OH)2D3 to 

the gel shift reaction failed to cause any significant 

alteration in the pattern of the gel shift under the 

conditions used (Fig. 22, lane 9). Thus, the mobility shift 

does not appear to be dependent upon the presence of 

hormone. There is an abundance of conflicting data 

concerning the importance of hormone in the recognition of 

response elements by the steroid receptors. This 

discrepancy is most likely an artifact of the in vitro 

system. with the glucocorticoid receptor, in vivo 

footprinting reveals hormone dependence (Becker et al., 

1986), whereas in vitro footprinting does not (Willmann and 

Beato, 1986). 

Finally, in vitro synthesized VDR fails to efficiently 

retard the mobility of oligomer CT4. In Fig. 23, oligomer 

CT4 is incubated with in vitro translation lysates primed 

with either hVDR 1/3 RNA (lanes 3, 5, 7, and 9) or no RNA 

(lanes 4, 6, 8, and 10). A shift did occur, and the shifted 

band caused by the translation in the presence of hVDR 1/3 

RNA was heavier and migrated slower than the shift caused by 
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the unprimed lysate (Fig. 23, lanes 3-4). However, it was 

not efficiently competed by a 50-fold excess of unlabelled 

CT4 (Fig. 23, lanes 5-6), thus casting some doubt over the 

authenticity of the shift. While the failure to produce an 

unambiguous gel shift may be due simply to insufficient 

amounts of VDR being synthesized, some auxiliary protein not 

present in the translation lysate may increase the 

efficiency with which the VDR binds to its response element. 

It has also proven unexpectedly difficult to unambiguously 

shift oligomer CT4 using human VDR expressed through 

recombinant viral infection of insect cells, in spite of the 

fact that VDR produced by this method binds to DNA-cellulose 

in a manner consistent with the interactions of native VDR 

(P. MacDonald and C. Terpening, unpublished observation). 

This may be additional evidence implicating an accessory 

factor for VDRE recognition. Murray and Towle (1989) and 

Burnside et al. (1990) both reported that the rat thyroid 

hormone receptor produced in vitro failed to bind a TRE 

unless some heat-labile factor from cellular extracts was 

present. In an attempt to determine if the VDR required a 

similar factor, a nuclear extract was made using CV-1 cells 

(Fig. 23, lane 2). Addition of 1 ~g of this nuclear extract 

produced no significant effect on the gel shift pattern or 

intensity (Fig. 23, lanes 7-10). It is difficult, if not 

impossible to draw any firm conclusions from these data. If 

- .- -- . __ ._-_._----------
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Figure 23 Gel Shift of oligomer CT4 using In vitro 
synthesized Human VDR 

Lane 1 shows the unshifted CT4 band. Lane 2 shows the 
effects of addition of CV1 nuclear extract alone. CT4 was 
shifted by in vitro translation lysates (see Chapter 2) 
either primed with hVDR 1/3 RNA (+ RNA, lanes 3, 5, 7 and 9) 
or unprimed with any RNA (- RNA, lanes 4, 6, 8, and 10). In 
lanes 7-10, CV1 nuclear extract was added in addition to the 
lysates. 
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fully functional VDR is not present in sufficient quantity, 

the presence of the extract is superfluous. If an accessory 

factor is required, it may be that CV-l is a poor source and 

it was thus not present in suitable amounts, or that the 

factor was not stable upon thawing after storage. 

Thus, gel mobility shift analysis reveals that the 

1,25(OH)2D3 receptor from both chicken and rat binds to the 

VDRE defined previously by gene transfer studies. This 

shift is specific for the VDRE sequence, and can be 

inhibited or enhanced by the presence of monoclonal 

antibodies against the VDR. The shift is not, however, 

dependent upon the addition of 1,25(OH)2D3' under these 

conditions. Finally, preliminary evidence is given which 

possibly suggests a role for a secondary protein in the 

specific VDR-VDRE interaction. 

---------_._- .-_.-
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Chapter 5 

Modulation of the 1.25(OH)2~ Response of BGP 

INTRODUCTION 

The VDRE has been demonstrated to impart a 1,25(OH)2D3 

response upon both homologous and heterologous promoters, 

and to specifically bind the VDR. However, expression of 

the message within the milieu of its native environment is 

not as straightforward. As the gene is expressed in a 

highly tissue-specific manner, osteoblast-specific trans

cription factors must be involved. Furthermore, gluco

corticoids and serum levels have been shown to affect the 

levels of expression of this gene (Jowell et al., 1987 ; 

Morrison et al., 1989; Schule et al., 1990). This chapter 

describes experiments suggesting interactions between the 

VDR-VDRE complex and proteins binding two or more other 

regions of the gene. Finally, two alternate models for 

regulation of BGP by 1,25(OH)2D3 are presented and discussed. 



98 

MATERIALS AND METHODS 

GH Constructs 

~rBGPGH was created by digesting prBGPGH with EcoRV and 

HincII, then ligating the ensuing blunt ends together. The 

EcoRI/NcoI fragment, prepared as described above, was 

subcloned into the NdeI site of ~rBGPGH to create E/N

~rBGPGH. ~E- and ~N- constructs were made by subcloning the 

fragments made by the exonuclease III deletions (see 

Materials and Methods in Chapter 3) into the NdeI site of 

the recipient vectors. 

RESULTS 

In Chapter 3, it was shown that the 249 bp VDRE

containing HincII/PvuII fragment conferred hormone response 

on the heterologous TK promoter when placed in either 

orientation (Fig. 13). However, with its own promoter, 

contrasting results were observed. The HincII/PvuII 

fragment functioned as well as the full-length rBGPGH 

construct when linked in a sense orientation to the BGP 

promoter (H/P-P2AGH, Fig. 14 and Fig. 24) and addition of an 

EcoRI/NcoI fragment, a more 5' fragment of the BGP gene 

which had been implicated as having an effect on 1,25(OH)2D3 

regulation by Yo on et al. (1988), had only a minimal effect 

---------- ---- ---- ----- ------ ---------- ------
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Figure 24 The VDRE Can Apparently Cooperate with other 
Elements in an Orientation-Dependent Manner 

The effects of recombining the EcoRI/NcoI fragment in an 
orientation controlled manner with the HincII/PvuII fragment 
containing the putative VDRE (refer to Fig. 12A for the 
orientations of each of the restriction fragments in the 
milieu of the native gene) are demonstrated. The fold 
induction over control levels of each of the constructs is 
indicated on the right and is representative of 2-4 separate 
experiments. secretion of growth hormone by the P/H-P2AGH 
construct was not above background levels in either the 
control or 1,25 (OH) 2D~-treated cells, as indicated by the 
dash under fold induction. 
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on the enhancement (ENHP- and NEHP-P2AGH, Fig. 24). In 

contrast, when the HincII/pvuII fragment was linked in an 

antisense orientation with respect to the BGP promoter 

(P/H-P2AGH, Fig. 24), basal promoter activity was rendered 

undetectable in both untreated and 1,25(OH)2D3-treated cells. 

When the EcoRI/NcoI fragment was added (ENPH-P2AGH, Fig. 

24), low, but detectable basal levels of promoter activity 

were restored, but hormone induction was not observed. 

However, the most striking enhancement was observed when 

both upstream fragments were present in the same orientation 

with respect to each other, i.e., antisense to the promoter 

(NEPH-P2AGH, Fig. 24). This suggests some type of 

orientation-specific cooperation between the VDRE and 

elements both within the EcoRI/NcoI fragment as well as in 

or near the BGP promoter or first intron. These data also 

argue against the conclusion that a VDRE is present between 

-1022 and -871 (Yoon et al., 1988) and instead support the 

hypothesis of a complementary element or elements within 

that region. Such an interaction between regulatory 

elements has been reported for the estrogen response of the 

prolactin gene (Sayfred and Gorski, 1990). 

To provide a more biologically relevant demonstration 

of the cooperative elements, the effects of this region 

within the context of the original construct was assayed. 

Although the 520 bp EcoRV/HincII fragment had no direct 

---------- .-. ---
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effect on either promoter (R/H-TKGH, Fig. 13; R/H-P2AGH, 

Fig. 14), deletion of this DNA resulted in a noticeable 

decrease in hormone inducibility of the natural promoter 

(compare ArBGPGH with rBGPGH in Fig. 25). The induction 

could then be partially restored by subcloning the 

EcoRI/NcoI fragment upstream of the deleted promoter 

fragment (E/N-ArBGPGH, Fig. 25). These constructs provide 

an alternate line of evidence to support the hypothesis of 

complementary elements upstream of the VDRE. 

In an attempt to further localize the sequences 

involved in this effect, exonuclease III deletions were made 

5' to 3' from the EcoRV site and 3' to 5' from the NcoI 

site. These fragments were then subcloned upstream of 

either the ArBGPGH construct (AE- and AN-ARBGPGH, Fig. 25) 

or the HincII/PvuII fragment antisense to the basal BGP 

promoter (AE- and AN-P/H-P2AGH, Fig. 26). None of these 

deletion fragments, in either sense or antisense 

orientation, were as capable of restoring hormone induction 

as the intact EcoRI/NcOI fragment. In fact, none of the 

deletion fragments showed any effect whatsoever with the 

P/H-P2AGH constructs (Fig. 26). These results may suggest 

that the EcoRI/NcoI fragment contains more than one 

cooperative element which are required to restore hormone 

induction of the impaired constructs. Even the intact 

EcoRI/NcoI fragment is incapable of reconstituting full 

-------------- ----
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Figure 25 The Presence of the Entire EcoRI/NcoI Fragment 
Can Modulate the 1,25(OH)2D3 Response of the BGP 
Gene 

The effects of the DNA upstream of the proposed VDRE on the 
hormone response of a construct deleted between the EcoRV 
and HincII sites are demonstrated. Constructs created by 
subcloning exonuclease III deletion fragments from the NcoI 
and EcoRV sites upstream of the &rBGPGH construct are given 
the prefix &N or ~E, respectively. The end points of the 
deletions are as marked. The fold induction over control 
levels of each construct is indicated on the right as in 
Fig. 13. 
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Figure 26 Deletion Analysis of the Distal Element Fails to 
Identify a Single Cooperative Region 

The exonuclease III deletion fragments from the NcoI and 
EcoRV sites (see Fig. 25) were subcloned into the P/H-P2AGH 
construct upstream of the VDRE-containing restriction 
fragment. The orientation of the deletion fragments had no 
effect on the 1,25(OH)2D3 response, which is shown on the 
right and is representative of 2-3 separate experiments. 

--------- ---- -- -- ---------- ----- ---
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This could be 

because sequences of importance exist between the NcoI site 

and the HincII site, or more probably, because of a 

sensitivity of the cooperation to the spacing between the 

elements. Schule et ale (1988a, b) has demonstrated that 

the cooperativity observed between the glucocorticoid 

receptor and several other proteins binding different 

transcriptional elements is approximately dependent upon the 

spacing between the respective elements. 

DISCUSSION 

cooperative interactions upstream of the rat BGP gene 

have been suggested previously by data from deletion 

analysis (Yoon et al., 1988; Demay et al~, 1989). However, 

the data presented here are the first to show a reconsti

tution of these interactions. The loss of promoter acti vi ty 

upon addition of the HincII/PvuII fragment in an antisense 

orientation with respect to its native promoter is somewhat 

difficult to interpret. It is possible that a repressor 

sequence is unmasked by the inversion. The EcoRI/NcoI 

fragment would theoretically have to contain two sequences 

to first, overcome the repression, and then to restore 

hormone inducibility. The results from the exonuclease III 

deletion analysis of the EcoRI/NcoI fragment indirectly 

-------------- ---
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support this hypothesis by suggesting that more than one 

element is required to achieve the cooperative effects. The 

fact that both AB4-P2AGH and AH2-P2AGH have strong promoter 

activity and enhancement when placed in the antisense 

orientation (data not shown) would suggest that a candidate 

repressor sequence might be located between the SacI and 

PvuII sites (-305 and -274, respectively), as this is the 

only segment of the HincII/PvuII fragment not present in 

either of the deletions. An alternate explanation is that 

the loss of activity is due to the sensitivity of an element 

within the HincII/PvuII fragment to spacing between itself 

and its promoter. It is of interest to note that when a 

single copy of oligomer CT3 is displaced slightly over 200 

bp further 5' from the BGP promoter than it was in the 

experiments presented in Fig. 15, the oligomer demonstrates 

only marginal enhancer function (data not shown) . 

certainly, other explanations are also possible. 

The experiments in Figs. 24 and 25 are interpreted to 

support the interaction of the VDR with proteins bound to 

either of two elements. In the sense orientation, the VDR 

can contact a specif ic factor binding some element in or 

near the promoter to yield hormone responsiveness. The 

difference in magnitude of induction between the TK and BGP 

promoters supports this theory. Potential elements include 

the TATA box, in a manner similar to the variable 

... _--------------- -. ---
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interactions of the myoglobin enhancer with different TATA 

boxes (Wefald et al., 1990), VDRE half elements which might 

act as weak binding sites for the VDR, similarly to the 

glucocorticoid response elements upstream of the tyrosine 

aminotransferase gene (Jantzen,H-M et al., 1987) and 

tryptophan oxygenase gene ( Danesch et al., 1987 ), or a 

region surrounding the CAAT box which displays striking 

homology between the rat and human BGP genes (Lian et al., 

1989). Footprinting analysis reveals that protein binding 

to this last region, designated the osteocalcin box, or BGP 

box, is increased following 1,25 (OH) 2D3 treatment of ROS 

17/2.8 cells (Markose et al., 1990). This interplay is then 

somehow inhibited when the two fragments are in the opposite 

orientation with respect to each other. However, if the 

distal element is present in the same orientation as the 

VDRE, the need for the element in the promoter region is 

obviated. Furthermore, the distal element apparently acts 

to modulate the 1,25 (OH)2D3 response within the milieu of the 

native gene in an as yet unknown fashion. It is of interest 

to note the presence of clusters of apparent VDRE half 

elements within the EcoRI/NcoI (between -1020 and -1005) and 

promoter DNA (between -140 and -94), which may lend credence 

to the hypothesis of weak 1,25 (OH) 2D3 receptor interactions. 

Alternatively, the other elements may be binding sites for 

other transcription factors, such as observed cooperating 

--- --------- ---------
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with the thyroid hormone response element (Ye et al., 1988) 

and the glucocorticoid response element (Schule et al., 

1988a, b; Strahle et al., 1988). These two hypotheses are 

not mutually exclusive. 

T\'w'O models for 1,25 (OR) 2D3 regulation of BGP are 

presented in Fig. 27. Fig. 27A is a traditional picture of 

regulation by steroid hormone receptors. In this model, the 

receptor binds as a dimer to its response element. The 

possibility that a third receptor molecule may bind to the 

third putative half element of the VDRE can not be 

completely discounted, but it is not sufficient by itself, 

nor is it necessary for 1,25 (OR) 2D3 induction. This hormone

bound VDR-VDRE complex then interacts with the transcrip

tional apparatus, signified by the TATA box binding factor, 

TFIID, and the RNA polymerase II. This interaction could be 

directly with the transcription machinery or through an 

adaptor protein (for review, see Lewin, 1990), and could be 

facilitated either way through phosphorylation of the VDR. 

The VDR may achieve induction by 1,25 (OR) 2D3 by acting 

cooperatively with other proteins, hypothetically 

represented by the protein binding the BGP box (Markose et 

al., 1990), and the transcriptional activation may be 

modulated by the presence of proteins binding to the 

upstream element (s) . This model does not answer two 

important questions. First, how does the receptor bind as 
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Figure 27 Hypothetical Models of 1,25(OH)2D3 Regulation of 
BGP 

A) The hormone-bound receptor (VDR-l,25) binds as a dimer 
or trimer to the VDRE and interacts with the initiation 
complex, either directly or through a co-activator protein. 
This interaction can be modulated by proteins binding to 
other locations (CAAT/BGP box; Distal Element(s». 
B) The hormone-bound receptor associates as a heterodimer 
with a co-activator which increases the VDR's affinity for 
the VDRE. The interactions of the VDR with the initiation 
complex are the same as presented in part A. 
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a dimer to a direct repeat? Secondly, what is the putative 

accessory protein required for DNA binding to the VDRE, and 

does it play any further role in transcriptional activation? 

The second model (Fig. 27B) is similar to the first in 

its cooperative interactions. The major difference lies in 

the events involved in binding the VDRE. This model 

suggests that the VDR does not bind as a homodimer I but 

rather as a heterodimer. The second protein \'lOuld then be 

the accessory factor required for VDRE binding. An 

analogous system for comparison might be the jun/fos system. 

Jun is capable of forming homodimers which can bind DNA 

through a leucine zipper DNA binding motif. However, its 

affinity for its specific binding site is dramatically 

increased by the formation of heterodimeric complexes with 

the fos protein, which is unable to bind DNA by itself 

(Halazonetis et al., 1988; Nakabeppu et al., 1988; Gentz et 

al., 1989; Abate et al., 1990). If this analogy is correct, 

one may postulate that VDREs could be found which were 

inverted repeats. These would lead, however, to only weak 

activation, or potentially even to repression. 

This model adds an intriguing level of complexity to 

the potential regulation by the VDR subfamily. Since direct 

repeats have been observed to be response elements for 

thyroid hormone and retinoic acid, the thyroid hormone and 

retinoic aid receptors can form heterodimers in vitro, and 

-- -------- ---------



110 

the thyroid hormone and retinoic acid receptors can bind to 

and functionally activate the same response element, it is 

possible that one accessory factor could form heterodimers 

with all three members of the subfamily. Alternatively, 

multiple accessory factors specific for each member could 

serve to provide an additional means of controlling gene

specific transcription in tissues expressing more than one 

of the receptors. Some of the most likely candidates for 

accessory factors are the orphan receptors. They possess 

the highly homologous DNA binding domains, and therefore 

might be expected to bind similar DNA sequences. Their 

homologies to the other steroid receptors in the hormone 

binding domains may therefore, actually be homologies to 

their dimerization domains. One of the orphan receptors, 

COUP transcription factor, has already been shown to 

interact with a separate protein when it binds upstream of 

the ovalbumin gene (Tsai et al., 1987). If this hypothesis 

were correct, then searches for ligands for the orphan 

receptor would prove futile, and to date, none of the orphan 

receptors have had a ligand ascribed to them. 

Thus, a complex picture of 'transcriptional regulation 

by 1,25 (OH)2D3 is emerging. One of the key steps in the 

regulation is binding of the VDR to its response element. 

The data presented here functionally define one of these 

response elements, and reveal it to be an imperfect direct 



111 

repeat. The VDR is shown to bind specifically and with high 

affinity to the response element. Finally, data are 

presented leading to development of a model in which the VDR 

functionally interacts with an array of factors associated 

with transcription processes. While many of the details of 

transcriptional regulation by 1,25 (OH}2D3 remain to be 

di.scerned, this work provides the systems required to test 

the hypotheses currently proposed. 
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