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ABSTRACT

The hormonally active metabolite of vitamin D, 1,25-dihydroxyvitamin D3
(l,25(OHhD3), exerts its effects on target tissues through the 1,25(OHhD3receptor (VDR). In the avian duodenum, 1,25(OHhD3 induces the synthesis of
calbindin-D28k (CaBP) which provides a model for the study of 1,25(OHhD3regulated gene expression. The research goals of this dissertation were to test the
hypothesis of coordinate regulation of CaBP and VDR with respect to tissue
distribution and dietary influence, and to further elucidate the mechanism of
1,25(OHhD3-dependent CaBP expression. Furthermore, VDR regulation may be
an important mechanism for modulating tissue responsiveness to the hormone
and therefore, chicken VDR genomic clones were isolated in order to set the stage
for the characterization of gene regulatory regions.
Tissue distribution analysis revealed that VDR and CaBP mRNA were coexpressed with the exception of the avian brain, in which CaBP is widely and
constitutively expressed but VDR mRNA is undetectable. Unlike the adult in
which the intestine is the predominant site of VDR expresssion, in the 11 day-old
chick embryo, VDR and CaBP mRNAs are nearly undetectable in the intestine,
but highly expressed in the kidney. These observations suggest potential
specialized functions of VDR and CaBP during development and tissue specific
regulation of these gene products by factors other than vitamin D.
In the avian intestine, adaptation to altered dietary intake of vitamin D,

calcium or phosphorus resulted in a spectrum of endogenous 1,25(OH)zD3
concentrations which coordinately altered CaBP expression without a correlative
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variation in VDR levels. Thus, 1,25(OHhD3 appeared to be the predominant
regulator of CaBP, while another endocrine-mediated factor modulated VDR
expression. Finally, CaBP mRNA and protein levels were tightly coupled,
indicating that CaBP biosynthesis is regulated primarily by gene transcription or
mRNA stability, but not post-translationally.
In cultured embryonic chick duodena, 1,25(OHhD3-induced CaBP mRNA

displayed a delayed accumulation, which could be explained neither by slow
nuclear binding of 1,25(OHhD3 nor by a mechanism involving stabilization of
CaBP mRNA. CaBP pre-mRNA and mRNA sequences, detected by polymerase
chain reaction, increased 1 h after hormone exposure and continued to
accumulate concomitantly, arguing against a mechanism involving a
l,25(OHhD3-elicited regulation of pre-mRNA processing. Since actinomycin D
or cycloheximide inhibit 1,25(OHhD3-induced CaBP mRNA accumulation, a
labile auxiliary protein or other cofactor, which may be 1,25(OH)zD3-dependent,
is proposed to be necessary for 1,25(OHhD3-mediated CaBP gene transcription in
chick duodena.
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CHAPTER I

OVERVIEW AND BACKGROUND

The role of various steroid and thyroid hormones in the regulation of a
number of cellular processes including gene transcription recently has been
elucidated. A well studied member of this group is vitamin D, which in the
1920's was first identified as a fat soluble nutritional substance essential for the
prevention of rickets and maintenance of calcium and phosphorus homeostasis
(McCollum et al., 1922; Mellanby, 1919; Steenbock and Black, 1924). Subsequent
studies validated that vitamin D supplementation would restore depressed
intestinal absorption of calcium (Nicholayson et al., 1953), however, the
mechanism(s) through which vitamin D regulates calcium absorption in the
intestine remained to be elucidated. In 1966, Wasserman and Taylor observed
that administration of vitamin D to rachitic chicks induced the synthesis of a
calcium-binding protein termed calbindin-D28k (CaBP) in the intestinal mucosa
(Wasserman and Taylor, 1966). The coincident increase in CaBP with calcium
absorption prompted the proposal that CaBP mediates vitamin D-dependent
calcium transport, however the debate continues about the actual function of
CaBP and the mechanism of its vitamin D-dependent regulation.
CABP BIOCHEMISTRY AND FUNCTION

Since the original identification of CaBP in avian intestine (Wasserman
and Taylor, 1966), it has subsequently been detected in numerous other tissues
and species (Christakos et al., 1989). Two types of calbindins have been identified
which are species- and tissue-specific, calbindin-D28k and calbindin-D9k, the
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latter being the predominant form found in the mammalian intestine. The
highest concentration of either calbindin is found in the duodenum where both
exhibit vitamin D-dependent expression. Calbindins are intracellular proteins
which have a high affinity for calcium [dissociation constant (Kd) = 10-8 - 10-6
M]. In 1987, the complete amino acid sequence for CaBP was determined,
revealing a single polypeptide chain of 261 amino acid residues with a computed
molecular weight of 30,042 daltons (Fullmer and Wasserman, 1987). Sequence
analysiS also revealed that CaBP contains six EF hands, a structural feature which
forms an octahedral calcium binding site through a helix-loop-helix
conformation of the polypeptide chain (Tufy and Krestinger, 1975). However,
only four of the EF hands have side chain oxygens that are properly positioned to
coordinate calcium. This has been substantiated by empirical determinations
which demonstrate that CaBP binds four calcium atoms (Bredderman and
Wasserman,1974). Since the CaBP sequence is tightly conserved in all six EF
hands, including the two which do not bind calcium, this perhaps indicates that
these regions have an important as yet unidentified function.
Although the precise biochemical function of CaBP remains to be
elucidated, several studies suggest that it participates in the biological action of
1,25(OH}zD3 in target cells by buffering intracellular calcium and/ or facilitating
the exit of this ion at the cell membrane.

In the avian and mammalian

duodenum, immunocytochemical studies have determined that CaBP is localized
in the cytoplasm of columnar epithelial cells or intestinal enterocytes, but not in
the goblet or crypt cells (Arnold et al., 1976; Taylor and Inpanbutr, 1988; Thorens
et al., 1982). Collectively, these observations have led several investigators to

propose models for the participation of CaBP in transcellular calcium transport
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through the cytosol. In a few models it has been speculated that CaBP binds free
calcium, thereby decreasing its concentration near the brush-border entry and
increasing the cytosolic flow by indirect stimulation of a basolateral Ca-ATPase
pump, which is sensitive to local concentrations of calcium (Feher et ai., 1992;
Krestinger et ai., 1982). Some reports implicate CaBP in the direct activation of
the basolateral Ca-ATPase pump (Morgan et ai., 1986; Walters et ai., 1990). In the
renal distal convoluted tubule, a similar mechanism involving both vitamin Ddependent CaBP and a Ca-ATPase pump has been proposed for transcellular
calcium transport (Bronner, 1989). Alternative models for intestinal calcium
transport hypothesize that CaBP facilitates the accumulation of calcium in
vesicles at the brush-border, which then migrate to the basolateral membrane
and extrude CaBP-associated calcium by exocytosis. Immunocytochemical
studies have indicated that lysosomes (Nemere et ai., 1986), golgi membrane
vesicles (Freedman et ai., 1981), and endoplasmic reticulum (Rubinoff and
Nelans, 1985) are involved in the transcellular transport of calcium. Electron
microscopy has revealed that CaBP labeled with immunogold is localized inside
small vesicles and lysosome-like structures, with diffuse cytoplasmic distribution
in the intestinal epithelial cells (Nemere et ai., 1991). Additionally, the cellular
distribution of tubulin was shown to be altered concurrently with the localization
of CaBP in vesicles, which was followed by the ultimate appearance of the CaBP
in the villus core. Thus, a functional and dynamic involvement between tubulin
and vesicle bound-CaBP in calcium transport has been hypothesized.
In addition to facilitated diffusion, CaBP is hypothesized to function as an

intracellular calcium buffer, preventing the accumulation of toxic levels of
calcium inside the intestinal epithelial cell (Spencer et ai., 1976). Furthermore, in
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the human brain, a reduction in CaBP gene expression has been speculated to
lead to insufficient calcium buffering or maintenance of intracellular calcium
homeostasis, thereby contributing to the calcium mediated events associated
with neurodegenerative diseases and aging (Iacopino and Christakos, 1990).
VDR AND STEROID RECEPTOR STRUCTURE
Despite extensive investigations prior to the 1960's, the mechanism by
which vitamin D elicited intestinal calcium absorption and the increased
expression of CaBP remained uncharacterized. The speCUlation that vitamin D
may invoke protein synthesis, directly or indirectly, was supported by
observations that actinomycin D inhibited vitamin D-induced hypercalcemia in
rats (Einsenstein and Passavoy, 1964) and protein synthesis inhibitors prevented
the vitamin D-stimulated absorption of calcium in rachitic chicks (Norman, 1965;
Zull et ai., 1966). In 1968, the vitamin D receptor (VDR), the key molecular
mediator which enables vitamin D to control gene expression and ultimately
cellular functions was discovered. With the advent of radio labeled hormones,
VDR was identified as a soluble protein localized to the nuclear chromatin
displaying a saturable high affinity binding of vitamin D metabolites (Haussler et

ai., 1968; Brumbaugh and Haussler 1973, 1974). The subsequent cloning and
deduced amino acid sequence of VDR from several species (Haussler et ai., 1988)
revealed that it belongs to the superfamily of steroid receptors known to exert
their actions on gene expression (Evans, 1988).
Structural studies of the steroid receptors utilizing proteolytic digestion
(Allegretto et ai., 1987; Ichikawa and DeGroot, 1986; Wrange and Gustafsson,
1978) provided evidence that the receptors possess modular functional domains.
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The cloning of the receptor cDNAs, using monoclonal antibodies, and
subsequent studies of chimeric receptors in co-transfection assays (Green and
Chambon, 1987) further confirmed the conservation of at least three functional
domains (Green et al., 1986; Hollenberg et al., 1985; Jeltsch et al., 1986; McDonnell

et al., 1987). These three classic domains of the nuclear receptors include: an
extremely variable N-terminal region; a short, central, highly conserved DNA
binding domain; and a relatively well conserved, C-terminal, hormone binding
domain. The DNA binding domain was initially defined by sequence similarity
to the 'zinc fingers' originally described for the transcription factor TFllIA (Miller

et al., 1985). Nuclear magnetic resonance (Hard et al., 1990) and crystallographic
analysis (Luisi et al., 1991) of the glucocorticoid receptor (GR) has confirmed that
eight of the nine conserved cysteine residues in this domain tetrahedrally
coordinate two zinc ions to form two nonhomologous zinc fingers which interact
with DNA. The physiological importance of the zinc finger domain for VDR has
been shown by identification of naturally occurring mutations in DNA-binding
domain of four patients which leads to hypocalcemic vitamin D-resistant rickets
(Hughes et al., 1988; Teruki et al., 1990).
The poorly conserved N-terminal domain for several of the receptors has
been implicated in transactivation, although some of the receptors have multiple
regions displaying this function (Danielsen et al., 1987; Hollenberg and Evans,
1988; Kumar et al., 1987; Miesfeld et al., 1987). To date, a function has not been
ascribed to the N-terminal domain of the cloned VDRs, although it is noteworthy
that this domain is very short, 24 amino acids (a.a.) in the human VDR as
opposed to the 603 a.a. in the mineralocorticoid receptor (MR).
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The largest domain, or the C-terminal portion of the steroid receptors,
may actually be a composite of functional domains. This region is highly
hydrophobic in character and has been demonstrated to confer ligand binding
specificity, hence it has been named the hormone-binding domain. Other
possible functions included in this domain are, dimerization, nuclear
translocation, hormone-dependent transcriptional activation, as well as the
binding site for the 90 kDa heat shock protein (HSP 90). Based on sequence
homologies, a dimerization domain has been identified that is structurally
reminiscent of the known dimerization motifs in other transcription factors, the
leucine zipper (Forman and Samuels, 1990). Mutational studies of this region in
the thyroid hormone and retinoic acid receptors have confirmed its requirement
for dimerization and transactivation (Forman et al., 1989). A region termed the Ti
domain has been implicated in the ligand-dependent transcriptional regulation
(O'Donnell et al., 1990). C-terminal to the DNA-binding domain is a short cluster
of basic amino acids showing homology to the SV40 T-antigen (Kalderon et al.,
1984) that perhaps are required for nuclear localization (Picard and Yamamoto,
1987).
VDR AND STEROID RECEPTOR GENE REGULATION

Collectively, these structure/function studies have classified the nuclear
receptors as ligand-activated transcription factors. However, the mechanism by
which receptors become activated by ligand and modulate transcription remains
unclear. For a subfamily of receptors [GR, MR, estrogen receptor (ER), androgen
receptor (AR), and progesterone receptor (PR)], the inactive receptor is thought
to exist in an oligomeric complex associated to HSP 90 (Carson-Jurica et al.,
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1990). Upon hormone treatment HSP 90 is released and the steroid receptor

acquires the ability to bind DNA. For another subfamily of nuclear receptors
[VDR, thyroid receptor (TR), and retinoic acid receptor (RAR)], the activation is
less clear but may involve an allosteric alteration allowing their stable and
specific interaction with cis-acting DNA sequences, termed hormone response
elements (HREs). The putative transcriptional regulatory domains of these
receptors, through protein-protein interactions, are speculated to stabilize the
basal transcription initiation complex perhaps allowing repeated transcription
initiation events. Since interaction of TF-IID with the TATA-sequence is a
prerequisite for subsequent recruitment of other general initiation factors along
with RNA polymerase II (pol II) (Greenblatt, 1991), it is hypothesized that this is
a point for steroid hormone enhancement (O'Malley, 1990).

Utilizing

transcription assays reconstituted in vitro, researchers are beginning to unravel
the complexities of the effects of steroid receptors on transcription and the
formation of the pol II preinitiation complex at promoters of target genes
(Freedman et al., 1989; Klein-Hiptass et al., 1990).
The HREs have been classified as enhancers (Mitchell and Tijan, 1989)
since they function independent of orientation or distance relative to a particular
gene's promoter. Several HREs have been identified utilizing gene transfer
techniques (Yamamoto, 1985) and, in some cases, the direct interaction of the
steroid receptor with these DNA sequences has been confirmed by DNase
footprinting or gel shift assays. To date, natural vitamin D response elements
(VDREs) have been identified for the following vitamin D regulated genes:
osteopontin (Noda et al., 1990), osteocalcin (Demay et al., 1990; Kerner et al., 1989;
Terpening et al., 1991) and calbindin-D9k (Darwish and DeLuca, 1992).
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Methylation interference studies have defined the specific guanine residues of
the human (Ozono et al., 1990) and rat (MacDonald et al., 1991) osteocalcin VDRE
that are contacted by VDR in the presence of nuclear extracts. Based on sequence
analysis of these natural HREs and synthetic HREs, consensus DNA-binding
sites have been postulated for the steroid receptors (Martinez and Wahli, 1991).
In the case of the vitamin D, thyroid hormone or retinoic acid responsive
elements (VDRE, TRE, and RARE, respectively), no clear consensus sequence has
yet been defined. However, postulated response elements consist of direct
repeats (AGGTCA [N]x AGGTCA) of half sites similar to those found in estrogen
responsive element (ERE) palindromes. Specific transcriptional responses to the
different receptors within this subfamily appear to be conferred by the sequence,
orientation and spacing of the half-sites ([N]x) (Naar et al., 1991; Umesono et al.,
1991). Surprisingly, the response elements for the steroid receptors are quite
similar and often different receptors can bind to identical response elements such
as in the case of the MMTV-HRE (mouse mammary tumor virus-HRE) which
binds the GR, PR, AR and MR. The question then arises how the different
receptors with quite similar DNA-binding domains and HREs mediate their
individual and diverse physiological responses.

A simple yet plausible

hypothesis is that the tissue and cell specific effects of hormones are determined
by differential expression of the receptors (Strahle et al., 1989). Alternatively, the
specificity may be determined by the differential expression or regulation of
transcription factors that interact with the receptors to mediate gene activity.
Indeed, accumulating evidence indicates that receptor-HRE transcription
complexes can involve other transcription factors that may bind directly to the
DNA, the receptor, or both, thereby mediating cell specificity (Beato, 1989; Miner
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and Yamamoto, 1991; O'Malley, 1990). Several investigators have reported that
binding of partially purified receptors to their corresponding response element is
enhanced by the addition of uncharacterized factors present in nuclear extracts
from various tissues (Burnside et al., 1990; Glass et al., 1990; Murray and Towle,
1989).

In a few cases these nuclear proteins, termed auxiliary factors or

coregulators, have been isolated or cloned and shown to heterodimerize with the
receptor and augment transcriptional responses (Leid et al., 1992; Yu et al., 1991).
Surprisingly, the recent identification of a coregulator RXR J3 revealed that it
belongs to the subfamily of nuclear receptors, termed the orphan receptors. The
orphan receptors are steroid receptor-related genes which were identified by low
stringency hybridization screening with the conserved DNA-binding domain
from the superfamily of receptors. For most of these cloned orphan receptors a
ligand or physiological function has not been defined and it is speculated that
they may act as ligand-independent transcriptional regulators or co-receptors.
CABP GENE REGULATION

Although CaBP is the most extensively studied vitamin D-responsive
protein, there is no direct evidence for the binding of the VDR complex to the
CaBP gene. However, several reports have substantiated that, in avian intestine,
CaBP biosynthesis is completely dependent on the presence of the active
metabolite of vitamin D, 1,25(OH)zD3 (Desplan et al., 1983; Hunziker et al., 1983;
Wilson et al., 1985). Prior to the cloning of CaBP cDNA, various methods were
used to elucidate that the mechanism of vitamin D induced CaBP involved an
increase in CaBP mRNA accumulation. For example, CaBP mRNA was detected
by isolating total RNA and analyzing the in vitro translation products from
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1,25(OHhD3-treated versus control animals (Charles et ai., 1981). Using a similar
method, CaBP-specific antibodies were employed to immunoprecipitate in vitro
translation products from mRNA associated with polysomes. These analyses
revealed that in the intestine of vitamin D-depleted chickens there is no
detectable CaBP, yet in the vitamin D-replete animal, CaBP mRNA represents
0.5-1.0 % of the transcripts directed by polysomes (Siebert et ai., 1982).
Recent cloning of the CaBP cDNA (Christakos et ai., 1989) and the isolation
of the CaBP gene (Minghetti et al., 1988) allowed investigation of the regulatory
mechanisms of CaBP transcription and translation. Several laboratories have
demonstrated by Northern blot analysis that administration of 1,25(OHhD3 to
rachitic chickens results in detectable levels of three CaBP transcripts (2,2.7, and
3.1 kb) (Hunziker et ai., 1983; Mangelsdorf et ai., 1987a). Sequence data from the
CaBP gene attributes the three CaBP transcripts to differences in the 3'untranslated region resulting from multiple polyadenylation sites (Minghetti et

ai.,1988). There are numerous reports that strongly implicate the transcriptional
activation of the CaBP gene by 1,25(OHhD3' For example, nuclear runoff assays
demonstrated that 1,25(OHhD3-dependent CaBP gene transcription is closely
correlated with nuclear uptake and occupation of VDR by 1,25(OHhD3 (Theofan
et al., 1986). More recently, polymerase chain reaction technology has been
employed to demonstrate that CaBP pre-mRNA sequences are detected in the
avian intestine 30 minutes after injection of 1,25(OH)zD3 (Ferrari and Battini,
1990). A DNA sequence (-320 to -305) in the CaBP promoter shows considerable
homology to the VDRE from the rat and human osteocalcin genes (Demay et al.,
1990; Kerner et al., 1989; Terpening et al., 1991).

However, in transient

transfection studies, this sequence conferred only a modest increase on the
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1,25(OHhD3-induced transcription rate (MacDonald et al., 1992). Furthermore,
studies employing gel shift (MacDonald et al., 1992) and DNase footprinting
assays (Minghetti et al., 1991), have failed to definitively characterize a region of
the CaBP promoter which interacts with VDR. While the above studies report
the early appearance of CaBP gene transcription, intestinal CaBP mRNA
accumulation does not peak until 12 h after hormone administration (Clemens et

al., 1988a; Theofan et al., 1986). Thus, in addition to putative transcriptional
influences, l,25(OH)zD3 has been implicated in regulating CaBP expression
posttranscriptionally (Theofan and Norman, 1986). Furthermore, the extensive
3'-untranslated region of CaBP mRNA contains repeating AU-rich sequences
which have been speculated to playa role in mediating CaBP mRNA
stabilization (Minghetti et al., 1988).
Additional studies indicate that CaBP is differentially regulated in a
tissue-specific manner, and factors other than l,25(OH)zD3 have been cited as
modulating CaBP gene expression. For example, in vitamin-D deficient rats or
chickens, CaBP is absent from the intestine, however it appears to be expressed
constitutively in the brain (Christakos and Norman, 1980; Clemens et al., 1988;
Pansani and Christakos, 1984). Glucocorticoids have been shown to regulate the
CaBP gene in the chick intestine (Hall et al., 1987). In cultured chick kidney cells,
the calcium concentration of the medium influences the 1,25(OH)zD3-dependent
CaBP levels, suggesting that extracellular calcium modulates the expression of
CaBP (Clemens et al., 1989). In the avian duodenum, biosynthesis of CaBP is
influenced not only by the vitamin D status of the animal but also by dietary
intake of calcium and phosphorus (Bar and Wasserman, 1973; Friedlander et al.,
1977; Theofan et al., 1987).

A direct effect of these factors on CaBP gene
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transcription is unlikely, however, they are hypothesized to modulate the
l,25(OHhD3-dependent regulation of CaBP expression through changes in
serum l,25(OH)zD3 levels (Friedlander et al., 1977) or possibly in cellular VDR
content (Chen et al., 1986; Goff et al., 1990b). In contrast, the calbindin-D9k gene is
transcriptionally regulated by estrogen in the rat uterus and a putative estrogen
responsive element has been identified in the gene promoter (Darwish et al.,
1991). While the tissue-specific expression of CaBP appears to be controlled by
different regulatory mechanisms, in the avian duodenum CaBP synthesis is
dependent on the presence of l,25(OH)zD3. Thus, the biosynthesis of duodenal
CaBP provides an important model for studying the molecular mechanism of
l,25(OH)zD3 action and the function of VDR. The specific aims of this research
were to evaluate possible coordinate regulation of CaBP and VDR with respect to
tissue distribution and dietary influence and to further elucidate the mechanism
of l,25(OH)zD3-dependen t CaBP expression.
Until recently, it was believed that all of the known effects of 1,25(OH)zD3
action could be accounted for by direct modulation of gene activity via
interaction of the steroid receptor complexes with specific DNA sequences.
However, increasing evidence demonstrates that steroids also induce rapid
cellular changes occurring at the cell membrane, presumably resulting from
nongenomic effects of steroids. Several investigators report that rapid calcium
transport in the intestinal cells is a nongenomic effect of vitamin D and may not
involve VDR or CaBP (Norman, 1991). Nanomolar levels of 1,25(OHhD3 have
been reported to activate voltage sensitive calcium channels in rat osteosarcoma
cells (ROS 17.28) (Caffrey and Farach-Carson, 1989) and vitamin D analog
activation studies suggest that there may be a membrane-associated receptor
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distinct from the classic nuclear VDR (Farach-Carson et al., 1991). Moreover, it
has been demonstrated that 1,25(OH)zD3 can induce rapid changes in
intracellular calcium levels in a VDR deficient rat osteosarcoma cell line (ROS
24/1), further indicating that these effects are not mediated by a receptor
(Civitelli et al., 1990). However, mutant VDRs have been characterized from
patients with 1,25(OH)zD3 resistance, proving that the authentic VDR is
absolutely required for the maintenance of calcium homeostasis and antirachitic
action of vitamin D (Hughes et al., 1988; Teruki et al., 1990). In addition to
changing intracellular calcium, others report the rapid effects of 1,25(OHhD3 on
intracellular cGMP (Barsony and Marx, 1991), phosphoinositide turnover (Wali et

al., 1990), and phospholipase A2 activity (Lieberherr et al., 1989) that are mediated
by VDR. It is interesting to note that nongenomic effects have also been reported
for progesterone (Blackmore et al., 1990; Lambert and Peters, 1989) and
glucocorticoids (Gametchu, 1987). A potential criticism of these studies is that
high concentrations

(~M)

of these lipophilic molecules may demonstrate

membrane effects in vitro, but these may not be physiologically relevant at
physiological concentrations (nM). While these rapid cellular effects may be a
mechanism by which steroids regulate certain physiological events, such as
calcium transport, these processes are less likely to be important for the steroidregulated expression of a particular protein, such as CaBP.

24
CHAPTER II
STUDY OF VDR REGULATION: ISOLATION OF VDR GENOMIC CLONES AND
COMPARISON OF VDR MRNA TISSUE DISTRIBUTION WITH CABP EXPRESSION

INTRODUCTION

Several in vivo and in vitro studies have demonstrated the importance of
the regulation of VDR in modulating tissue responsiveness to l,25(OHhD3. In
rat calvaria osteoblast-like cells, dexamethasone increases VDR levels in a dose
dependent manner. The elevated VDR concentrations increase the sensitivity of
the cell to l,25(OHhD3, enhancing the magnitude of biological responses such as
inhibition of collagen synthesis, or increased osteocalcin synthesis and 24hydroxylase activity (Chen et al., 1986). Similarly, in cultured NIH-3T3 mouse
fibroblasts an increase in cAMP causes an up-regulation of VDR that results in a
corresponding l,25(OHhD3-elicited elevation in CAT (chloramphenicol acetyl
transferase) expression from a VDRE-CAT linked expression plasmid (Krishnan
and Feldman, 1992). In a number of different cell types and tissues several other
factors such as l,25(OHhD3 (Mangelsdorf et al., 1987b), parathyroid hormone
(PTH) (Reinhardt et al., 1990), protein kinase-C activation (Krishnan and
Feldman, 1991a), estrogen (Duncan et al., 1991), growth factors and serum
(Krishnan and Feldman, 1991b) have been shown to regulate VDR abundance.
In the chicken intestine, it was demonstrated that increasing doses of
l,25(OHhD3 resulted in increasing numbers of occupied VDR, which reached a
plateau at 70% receptor occupancy (Hunziker et al., 1982). Moreover, CaBP gene
transcription was directly correlated with the nuclear uptake of l,25(OHhD3 and
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receptor occupancy levels (Theofan et aI., 1986). These results taken together
imply that an alteration of VDR levels would change the magnitude of
1,25(OHhD3 response and, hence, CaBP expression. Studies of rat neonatal
intestine and kidney demonstrate that developmental increases in VDR mRNA
are accompanied by similar changes in CaBP and calbindin-D9k mRNA
accumulation, suggesting that the abundance of VDR levels also playa role in
expression of these calbindins (Huang et al., 1989).
Since the levels of VDR may be part of the mechanism by which
1,25(OHhD3 regulates CaBP expression and intestinal calcium absorption, the
aim of this study was to investigate the regulation of VDR. Several VDR
genomic clones were isolated to allow defining VDR gene structure which will
ultimately lead to an understanding of VDR regulation by identification of a
promoter region and possible upstream regulatory sequences. Furthermore, to
gain an understanding of how the abundance of VDR levels might affect CaBP
expression, the relative tissue distribution of VDR and CaBP mRNA was
compared in various chicken tissues.
MATERIALS AND METHODS

Isolation of VDR genomic clones
The chicken genomic library used for this study, purchased from Cion tech
(Palo Alto, CA), was an Mbo I partial digest of chicken genomic DNA fragments,
ranging in size from 10 - 22 kb, cloned into the Bam HI site of EMBL 3. The phage
were propagated in E. Coli strain NM538 and screened with the chicken VDR
cDNA (590 bp containing 120 bp of the 5'-untranslated and 470 bp of the
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translated region (Haussler et ai., 1988) using standard plaque hybridization
methods (Sambrook et ai., 1989). Briefly, the filters were hybridized for 20 h in
hybridization buffer [50% formamide, 5 X Denhardt's, 5 X SSC, 0.1 % sodium
dodecyl sulfate (SDS), 100 ~g/ ml denatured salmon sperm DNA, and 1.5 x 10 6
cpm/ ml probe (SSC = 150 mM NaCI and 15 mM sodium citrate)]. Filters were
washed four times for 10 min at room temperature and once for 30 min at 37°C
in 2 X SSC/ 0.1 % SDS, followed by one wash for 30 min at room temperature in
0.1 X SSC/ 0.1% SDS and a final wash for 1 hat 50°C in 1 X SSC/ 0.1% SDS.
Positive clones were picked and purified by a second and third round of
screening.

Characterization of VD R genomic clones
Phage DNA was prepared by the plate lysis method (Sambrook et al.,
1989) and genomic clones from the library were initially evaluated by restriction
enzyme and Southern blotting analysis. The entire genomic DNA insert can be
released from the EMBL 3 arms (19.3 and 9.2 kb), if a Bam HI site has been
preserved during the library construction. The Bam HI DNA fragments from the
genomic clone 142 were subcloned in the plasmid vector pTZ18U (U. S.
Biochemical, Cleveland, OH). The plasmid containing the 5.5 kb Bam HI
genomic DNA fragment was designated subclone 1-1 and was partially
sequenced by the dideoxy chain termination method using the Sequenase
sequencing kit (U. S. Biochemical) with oligonucleotides cVDR ( an antisense 35
mer CCG CAG AIT CGG GGC ACG TTG CGG TCG AAG TCG CC from +47 to
+77) and 1986 (an antisense 30 mer GGT ACG CCA TGC TCT GCT GCT GTG
CGT CCC from -14 to -44) derived from the VDR cDNA sequence.
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Tissue preparation and RNA isolation
Rhode Island Red chickens (Red Wing) and ll-day-old chick embryos
(The University of Arizona Poultry Farm, Tucson, AZ) were sacrificed by
decapitation. Various tissues were rapidly removed, rinsed in cold, sterile PBS,
then immediately frozen in liquid N2 and stored at -80°C until analyzed for
CaBP and VDR mRNA content. Total cellular RNA from each tissue was isolated
by the method described by Komm and Lyttle (1984). Poly(A)+ RNA was
enriched by oligo (dT)-cellulose (Boehringer Mannheim, Indianapolis, IN)
affinity chromatography.

Northern analysis
The polyadenylated RNA was subjected to electrophoresis in a 1 %
agarose-formaldehyde gel. Northern blotting was performed by electro transfer
to Nytran membranes (Schleicher & Schuell, Keene, NH). The membranes were
dried under vacuum at 80°C for 1 hand prehybridized in 50% formamide, 5 X
SSC, undiluted Denhardt's solution, 50 mM sodium phosphate, pH 7.0, 0.5%
SDS, and 100 Ilg/ ml of denatured salmon sperm DNA for 1 h at 42°C. The
cDNA probes were labeled using a commercial kit for random priming (Prom ega
Biotec, Madison, WI). The chicken VDR cDNA probe is described above. The
chicken CaBP cDNA clone 9-1B contains nearly the entire translated sequence, as
described elsewhere (Mangelsdorf et al., 1987a). After hybridization, filters were
washed four times for 5 minutes at room temperature with 0.1 % SDS and 2 X
SSC, followed by two washes for 15 minutes at 55°C with 0.1 % SDS and 0.1 X
SSC. The filters were then exposed to x-ray film (Kodak X-omat AR) at -70°C
with two intensifying screens.
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RESULTS

Restriction mapping of the VDR genomic clones
A chicken genomic library prepared in EMBL 3 was screened using a
randomly primed chicken VDR cDNA probe containing 120 bp of un translated
region and 470 bp of the open reading frame. Ten positive genomic clones were
obtained by screening 2 x 106 plaques.

Restriction endonuclease analysis

revealed that several of the clones contain similar sized Bam ill DNA fragments,
indicating that these are overlapping clones (Fig. 1A). Southern blot analysis
with VDR cDNA identified a strongly hybridizing 5.5 kb DNA fragment
common to five of the genomic clones (41,42, 11, 141, and 142) and a weakly
hybridizing 3.8 kb band in some of the clones (Fig. 1B). In order to verify that
these were true VDR clones, Bam HI and various other endonucleases were
utilized to evaluate the restriction pattern of chicken genomic DNA (Fig. 2).
Initial mapping of chicken genomic DNA revealed that VDR cON A probe
hybridized to four distinct Bam HI fragments including two with sizes of 5.5 and
3.8 kb (Fig. 2, lane 1). The 5.5 kb band was cut by Hind III into smaller
hybridizing fragments (Fig. 2, lane 7). Bam HI and Hind III endonuclease analysis
of five EMBL 3 genomic clones demonstrated a similar restriction pattern (Fig. 3)
to that of the chicken genomic DNA (Fig. 2). Clones 42 and 142 contain nearly
identical genomic DNA inserts with the approximate length of 14.3 kb (5.5,3.8,
2.5, 1.6, and 0.9 kb Bam HI fragments) (Fig. 3A). Clones 41 and 11 overlap with
clones 42 and 142 sharing the characteristic 5.5 and 3.8 kb Bam HI DNA
fragments. Moreover, clones 41 and 11 contain a DNA fragment at least 9 kb
which cannot be restricted by Bam ill, indicating that they extend in a direction
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Figure 1: Southern blot analysis of VDR genomic clones from EMBL 3 chicken
genomic library. DNA isolated from 10 independent phage clones (indicated by
numbers above the lanes) was restricted with Bam HI and electrophoresed
through a 0.8 % agarose gel. A) The gel was stained with ethidium bromide and
photographed. The left lane contains BstE IT lambda DNA markers with the sizes
indicated to the left of the photograph. The positions of migration for the EMBL
3 left and right arms, 19.3 and 9.2 kb, respectively, are indicated to the right of the
photograph. B) Southern blot analysis of the above gel probed with the 590 bp
chicken VDR cDNA. The asterisks to the right indicate common 5.5 and 3.8 kb
hybridizing Bam HI DNA fragments.
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right of the blot is indicated the migration of BstE II lambda DNA markers. The
asterisks to the left of the blot indicate common 5.5 and 3.8 kb hybridizing Bam
HI DNA fragments.
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Figure 3: Restriction endonuclease digest and Southern blot analysis of chicken
genomic VDR clones. The DNA from five of the VDR genomic clones was
restricted with Bam HI and Hind III then electrophoresed through a 0.8 % agarose
gel. A) The gel was stained with ethidium bromide then photographed. To the
left of the gel, the asterisks indicate common hybridizing 5.5 and 3.8 kb Bam HI
DNA fragments and the migration of the EMBL 3 arms (19.3 and 9.2 kb) is
marked. B) Southern blot analysis of the above gel probed with the 590 bp
chicken VDR eDNA. To the right of the blot is indicated the migration of Bst E II
lambda DNA markers
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opposite to that of clones 42 and 142 (Fig. 3). Thus, the isolated clones appear to
span a total of approximately 23.3 kb of the VDR gene. While a portion of clone
141 shows homology (5.5 kb band) to the other clones, it demonstrates a distinct
restriction pattern which may indicate a cloning rearrangement artifact or
possibly represent a unique clone. The hybridization of the VDR cDNA probe to
multiple Bam HI restriction bands in chicken genomic DNA and only two bands
in the VDR genomic clones may indicate another VDR-related gene or a different
allele.

Sequence analysis of VDR genomic subclone
An oligonucleotide (cVDR), derived from a sequence near the putative
translation start site, was found to hybridize most strongly to the 5.5 kb Bam HI
fragment of VDR genomic clone 142 (data not shown). This DNA fragment was
subcloned into the plasmid vector pTZ18U and partially sequenced. A summary
of the sequence analysis is presented in Fig. 4. The previously determined 590 bp
VDR cDNA sequence (McDonnell et al., 1987) was utilized to verify the DNA
sequence obtained for the VDR gene.

While the length of the entire 5'-

untranslated region (5'-UTR) remains unknown, 111 bp of the region have been
sequenced. Two 3'-acceptor splice sites at exonl intron junctions have been
identified in this 5'-UTR, perhaps delineating the first three exons of the chicken
VDR gene. The sequence spanning the 3'-acceptor site of the second intron is in
agreement with the proposed consensus sequence found at splice junctions of
eukaryotic genes (Sharp, 1981). Exons 1 and 2 are composed exclusively of
untranslated sequence. Exon 1 is of indefinite length and exon 2 contains only 71
nucleotides.

Exon 3 contains two bp of the 5'-UTR, the putative initiator

methionine codon, and part of the coding region.
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AGA .. . intron #3
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Figure 4: Sequence analysis of the 5'-end of the chicken VDR gene.
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Figure 4: Sequence analysis of the 5'-end of the chicken VDR gene. This region
of the VDR gene's sequence was determined by analysis of the subclone 1-1 (5.5
kb Bam HI DNA fragment from VDR genomic clone 142). The complementary
bases to the antisense oligonucleotides cVDR and 1986 used for the sequencing
reactions are underlined. Exons are depicted in uppercase letters, and the introns
in lowercase letters. Possible in-frame initiator methionine residues are enclosed
in boxes; however, the star indicates the methionine codon homologous to the
human VDR which demonstrates Kozak consensus. Above the base sequence,
the bases are numbered relative to the putative translation start site (+1) and
below is the deduced amino acid sequence, with homology to the human VDR
and other steroid receptors. The stippled boxes contain the cysteine residues
within the first zinc finger.
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Tissue distribution of VDR and CaBP mRNA
Previous studies have independently demonstrated the presence of VDR
(Stumpf et al., 1979) and CaBP (Christakos et al., 1989) in several tissues. In order
to determine whether the presence and abundance of VDR correlates with
relative levels of CaBP expression, the tissue distributions of VDR and CaBP
mRNA from adult vitamin D-replete and ll-day-old embryonic chicks were
compared (Fig. 5). Northern blot analysis of purified poly(A)+ RNA indicated
that both the adult and embryonic chick have three species of CaBP mRNA (2.0,
2.6 and 3.1 kb) and a single species of VDR mRNA (2.6 kb). Since glyceraldehyde
3-phosphate dehydrogenase (GAPDH) is generally considered to be a
nonregulated mRNA, it was utilized to demonstrate the relative levels of
undegraded poly(A)+ RNA that were loaded in each lane. CaBP and VDR
mRNAs are undetectable in the adult and embryonic liver, heart and muscle. In
all other tissues examined, VDR and CaBP appear to be co-expressed with the
exception of the embryonic and adult brain, in which only CaBP mRNA is
detectable. Since a previous report has shown VDR to be concentrated in certain
brain nuclei (Clemens et al., 1988b), the amount of VDR mRNA expression in the
whole brain is perhaps below the limit of detection by the present Northern blot
analysis.

In the ll-day-old embryonic chick CaBP and VDR mRNAs are

abundant in the kidney, and expressed at extremely low levels in the intestine.
In contrast, in the adult the highest concentration of VDR and CaBP mRNA are
present in the intestine and much lower levels are detected in the kidney. (Note
that in Fig. 5B the lane labeled adult intestine is a 5-fold shorter exposure than for
other lanes in Fig. 5B.) Interestingly, VDR is also expressed in the non-classical
target tissues such as the spleen, pancreas and testes. CaBP is also present in
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Figure 5: Tissue distribution of VDR and CaBP mRNA. Northern blot analysis
of 10 Ilg of poly(A)+ RNA extracted from adult vitamin D-replete and ll-day-old
embryonic chickens. The RNA was isolated from the tissues indicated above
each lane. A) Autoradiogram of the blot hybridized to the chicken VDR cDNA.
B) Rehybridization of the blot with the CaBP cDNA probe. The three arrows
indicate the migration of the three CaBP mRNA species (2.0, 2.7, and 3.1 kb).
Note the lane labeled adult intestine is a 5-fold shorter exposure than for other
lanes. C) Rehybridization of the blot with the GAPDH cDNA.
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these tissues but at nearly undetectable levels. The large abundance of VDR in
the spleen is not an experimental artifact, since VDR mRNA has been repeatedly
detected in previous experiments (data not shown). Moreover, the occurrence of
VDR in the spleen is supported by the findings that 1,25(OHhD3 has immune
modulatory effects on macrophages and T-Iymphocytes (Mangelsdorf et ai., 1984;
Tsoukas et ai., 1984).
DISCUSSION

VDR has been shown to be regulated by a number of factors and VDR
levels have been demonstrated as a mechanism for modulating vitamin Ddependent gene expression. To understand how VDR is transcriptionally
regulated, it is ultimately necessary to define the gene structure and identify
regulatory portions of the gene. In this preliminary study, several VDR genomic
clones were isolated and the 5' region of the chicken VDR gene was subcloned
and partially sequenced. Three initiator methionines have been identified in the
translation reading frame, however only the second and third ATG demonstrate
homology to the Kozak's consensus sequence (Kozak, 1984). Often translation in
eukaryotes commonly initiates at the most 5' ATG codon of the mRNA (Kozak,
1984), and this could be the initiator methionine for the translation of the 60 kDa
species of chicken VDR. Alternatively, the third ATG likely represents another
translation start site of the chicken VDR since it is homologous to the initiator
methionine of the human VDR (Haussler et al., 1988). In mammals and avians,
two forms of VDR have been identified, of molecular weights 58 and 60 kDa
(Haussler et al., 1988).

Since 22 amino acids separate the first and third

methionines, this third ATG site probably generates the 58 kDa species of the
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avian VDR. If one assumes that the third ATG represents a key initiator
methionine, then the amino terminal portion of the 58 kDa VDR up to the first
zinc finger is encoded in one exon (Fig. 4). Comparison of the genomic structure
of the human VDR (Hughes et al., 1988), human GR (Zong et al., 1990) and
human ER (Ponglikitmongkol et al., 1988) genes with the chicken VDR gene
reveals that they bear similarity in that a single exon encodes the amino acids Nterminal to the first zinc finger, and an additional exon encodes the majority of
the 5'-UTR. It is interesting to note that there exist two isoforms (A and B) of the
the human and chicken PRo These multiple forms originate from the the same
gene but result from alternate translation initiaton events of two distinct
transcripts with differing 5' UTRs (Kastner et al. ,1990a). This type of mechanism
probably does not account for the translation of the two VDR forms (58 and 60
kDa) since the chicken tissues express only one transcript.
The 5'-UTR of the 58 kDa VDR is composed of at least two exons (Fig. 4),
similar to the multiple exons which have been observed for other steroid receptor
genes in this subfamily: the TR (Kanamori and Brown, 1992; Zahraoui and Cuny,
1987) and RAR genes (Kastner et al., 1990a). TR and RAR exhibit multiple
isoforms derived from the same gene but generated by alternative splicing or
initiation at multiple transcription start sites (Kastner et al., 1990a; Shi et al., 1992).
For TR13 genes in Xenopus laevis , the 5'-UTR is encoded by at least 8 exons and is
speculated to span greater than 40 kb of the genome. Due to the extensive 5'UTRs containing multiple initiation and splice sites, the promoter regions for this

receptor subfamily remain largely unidentified. In the case of the human GR
(Zong et al., 1990), human ER (Green et al., 1986), chicken PR (Huckaby et al.,
1987), and human RAR 13 genes (The et al., 1990), the 5'-region is encoded by one
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relatively small exon; consequently, their promoters have been identified and
sequenced.
The clones from this study have not yet unveiled the regulatory regions or
even a promoter for the avian VDR gene. However, they demonstrate the
complexity of the 5'-UTR, which is reminiscent of the organization of RAR
(Kastner et al., 1990a) and TR genes (Shi et al., 1992). Both the thyroid and
retinoic acid receptors play critical roles in embryogenesis, and their patterns of
expression are controlled developmentally. The alternate promoter usage and
the structure of the 5'-UTR has been speculated to playa functional role in the
tissue-specific and developmental expression of these genes (Shi et al., 1992).
Thus, it is interesting to speculate that the structure of the 5' region of the VDR
gene may be involved in developmental regulation of VDR.
A comparison of the tissue distribution of VDR mRNA in the adult and
ll-day-old embryonic chick was analyzed by Northern blot hybridization (Fig.
5). Interestingly, VDR is highly expressed in the developing chick kidney and
only modestly expressed in the intestine, a pattern which is exactly opposite to
that found in the corresponding adult tissues.

The implications of this

differential developmental expression may indicate a specialized regulation and
function of VDR during development. These developmental and tissue specific
changes in the abundance of VDR mRNA are accompanied by corresponding
alterations in CaBP mRNA levels (Fig. 5B). A similar pattern of VDR and CaBP
mRNA accumulation occurs in the kidney and intestine of the developing rat
neonate, and their regulation has been speculated to reflect the differentiation
state of the tissue (Huang et al., 1989).
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During days 10 -12 of chick embryonic life, no intestinal calcium transport
occurs (Moriuchi and DeLuca, 1974). The lack of calcium absorption by the
intestine during this developmental stage is suggested by the present results
illustrating that intestinal VDR and CaBP mRNA are of relatively low levels. The
present results, taken together with previous reports, suggest that the
developmental expression of VDR is correlated with CaBP expression and
calcium absorption.
In addition to the classical vitamin D target tissues such as intestine and
kidney, VDR mRNA is contained in tissues such as the spleen, pancreas, and
testes (Fig. 5). The distribution of VDR and CaBP in some endocrine glands has
previously been cited. Immunohistochemical and biochemical studies have
reported the presence of VDR in the pancreas (Pike, 1982), seritoli cells and
seminiferous tubules (Merke et al., 1985). Furthermore, vitamin D deficiency has
been implicated in the inhibition of pancreatic insulin release (Norman et al.,
1980). CaBP has also been reported to be localized in numerous endocrine
glands (Buffa et al., 1989). One nice example is in the p-islet cells of the pancreas
(Roth et al., 1982). It has been speculated that modulation of intracellular calcium
concentrations by CaBP may playa role in the effect of vitamin D on insulin or
other hormones released from such glands.
In this study the presence of VDR mRNA was found to correlate with the
occurrence of CaBP.

However, a strict correlation was not demonstrated

between the relative levels of CaBP and VDR mRNA. Thus, the coordinate
expression of VDR and the vitamin D-regulated gene, CaBP, is consistent with
the interpretation that the response of a target tissue to 1,25(OHhD3 is
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modulated by the presence but not necessarily the abundance of receptor.
However, the present data also demonstrate that CaBP is expressed in the
embryonic and adult chicken brain in the absence of detectable VDR, as observed
by others (Christakos et aI., 1989). Moreover, in previous studies CaBP was
detected in the brain of vitamin D-deficient animals, suggesting that CaBP is
unresponsive to vitamin D, i.e. constitutively expressed (Clemens et a/., 1988a;
King and Norman, 1986). Immunocytochemical studies have detected VDR in
the brain, however, VDR was absent from the cerebellar Purkinje cells, which
contain abundant CaBP (Clemens et a/., 1988b). These results suggest that CaBP,
at least in the brain, is not always regulated by l,25(OH)zD3 and that CaBP may
be modulated by other factors.
In conclusion, previous reports suggest that VDR concentrations playa
role in the subsequent tissue-specific l,25(OH)zD3-mediated events, including
CaBP gene expression. The present results indicate that the developmental
expression of VDR in the kidney and intestine appears to correlate with CaBP
levels. In the succeeding chapter the further dissection of the role of VDR
abundance in intestinal CaBP gene expression will be studied by evaluating the
influence of dietary alterations on the expression of both VDR and CaBP.

44
CHAPTER III

DIETARY RESTRICTION OF CALCIUM, PHOSPHORUS, AND VITAMIN D ELICITS
DIFFERENTIAL REGULATION OF THE MRNAs FOR A VIAN INTESTINAL CABP AND
VDR

INTRODUCTION

The maintenance of calcium homeostasis is a complex process, involving
several tissues (bone, kidney and intestine) and is dependent on several factors of
which vitamin D is the major controlling hormone. Vitamin D was discovered to
undergo metabolic conversion to a more biologically active form by two
sequential hydroxylations, a 25-hydroxylation in the liver followed by a 1hydroxylation in the kidney (Haussler and McCain, 1977). The latter reaction is
highly regulated and is the rate-limiting step in the production of l,25(OHhD3,
the bioactive metabolite. As previously discussed, l,25(OHhD3 has the effect of
enhancing intestinal calcium absorption possibly by increasing CaBP synthesis.
In addition, l,25(OHhD3 has been reported to stimulate intestinal phosphate
transport (Walling, 1977) and mobilize calcium from bone (Raisz et al., 1972).
However other endocrine-mediated factors participate in the maintenance of
calcium homeostasis, such as calcitonin and parathyroid hormone (PTH). In
general, calcitonin is considered to function as an agent for reduction of serum
calcium levels whereas PTH and l,25(OHhD3 act to elevate serum calcium
levels. A rise in calcium levels increases calcitonin secretion which reduces bone
resorption and protects bone during chronic calcium stress. In contrast, low
serum calcium concentrations increase PTH secretion via the second messenger
cAMP (Pocotte et al., 1991). PTH has pleiotropic physiological effects such as: 1)
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mobilizing calcium from the bone (Talmage and Elliot, 1958); 2) increasing renal
tubular resorption of calcium with a concomitant elevation of renal phosphate
excretion (Bringhurst, 1989), which has the effect of augmenting the free calcium
ions; 3) increasing intestinal uptake of calcium indirectly by stimulating the
biosynthesis of 1,25(OH)zD3 via the kidney 1-hydroxylase enzyme.
Clearly, dietary intake and serum concentrations of calcium, phosphate
and vitamin D all appear to be important physiological cues for influencing
calcium absorption. In addition one might expect that the mineral status may
directly or indirectly influence the molecular mediators of intestinal calcium
absorption, namely VDR and CaBP. Previous results obtained in chickens reveal
that chronic dietary restriction of calcium, phosphorus, and vitamin D
dramatically influences CaBP protein concentrations in the duodenum
(Friedlander et al., 1977; Montecuccoli et ai., 1977; Morrissey and Wasserman,
1971). However, Theofan et al. (1987), reported that, at least in the case of
calcium and phosphorus depletion, CaBP mRNA and protein levels are not
coordinately controlled. In rats, 1,25(OHhD3 was demonstrated to upregulate
VDR (Costa and Feldman, 1986) and low calcium intake decreases VDR levels
(Goff et al., 1990b). This study involves the investigation of the regulation of
1,25(OHhD3-induced CaBP and VDR by evaluating CaBP protein, CaBP mRNA,
and VDR mRNA under conditions of altered intake of vitamin D, calcium, or
phosphorus. Moreover, an attempt is made to characterize the molecular role of
1,25(OHhD3 and its receptor in controlling CaBP levels by examining the effect
of these diets on steady-state CaBP mRNA in the avian intestine.
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MATERIALS AND METHODS

Animal diets
White Leghorn 1-day-old chicks were fed a commercial diet (Agway, Inc.,
Ithaca, NY) for 2.5 weeks and then divided into four groups of five to six chicks.
One group received a vitamin D-deficient diet containing 1.0% Ca 1.1 % P
(rachitogenic). The diets of the other three groups contained 1200 IV vitamin D3
per kg diet and the following concentrations of Ca and P: 1.0% Ca and 1.1 % P
(normal); 1.1 % Ca and 0.3% P (low phosphorus); and 0.1 % Ca and 1.2% P (low
calcium). The basic diet was described previously (Mykkanen and Wasserman,
1982).

Preparation of tissue
After a 10 day feeding period on the experimental diets, the chicks were
bled by cardiac puncture, sacrificed, and the duodenum excised. After rapidly
removing the pancreas, the lumen and outer surface of each duodenum were
thoroughly rinsed with cold saline (0.9% NaCl) and further chilled by swirling in
a beaker containing cold saline. The distal half of the first, third and fifth
segments and the proximal half of the second, fourth, and sixth segment were
frozen in liquid N2 and stored at -80°C until analyzed for CaBP and VDR mRNA
content. The other half of the segment was immediately processed for CaBP
immunoassay.

Determination of CaBP
CaBP was determined by the radial immunodiffusion procedure as
described by Corradino and Wasserman (1971). For this purpose, the mucosa
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was scraped from the segment and homogenized (1:4 wt/ vol) in a buffer
mixture containing 0.12 M NaCI, 4.74 mM KCI, and 13.7 mM Tris-HCI, pH 7.4,
using a Potter Elvehjem homogenizer with a Teflon pestle. The homogenate was
centrifuged at 38,000 x g for 30 minutes, and the soluble CaBP concentration was
measured. Total soluble protein was determined by the method of Lowry et al.
(1951).

Determination of calcium, phosphorus, and 1,25(OHhD3
Serum calcium was determined by atomic absorption spectrophotometry
using a Perkin-Elmer Model 360, and serum phosphorus was assayed with the
aid of an autoanalyzer.

Plasma 1,25(OHhD3 was assayed utilizing a kit

(Amersham Corporation) according to the procedures recommended by the
manufacturer. Unless otherwise indicated, values given are the mean ± SEM
(standard error of the mean) for assays of serum or plasma samples from six
chickens per group.

Statistical analysis
Analysis of variance (ANOVA) was employed using a computer program
from Minitab, Inc. (Pennsylvania State College, PA). Duncan's multiple-range
test was performed for multiple comparisons of means (Duncan, 1955).

RNA isolation and Northern blot analysis
To obtain two separate sets of data for each dietary group, the frozen
chicken duodenal tissue from the proximal half segment from two chickens were
combined and the distal half segment from two different chickens were
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combined. Total cellular RNA from each of the two separate frozen tissue pools
was prepared by the methods described in Chapter II (Komm and Lyttle, 1984)
and subsequently purified on oligo d(T) cellulose. Then, Northern blot analysis
was performed as described in Chapter II. The autoradiographs were scanned by
laser densitometry.
RESULTS

To investigate the effect of dietary composition on the response of the
intestine to vitamin D in terms of CaBP induction, chicks were adapted for 10
days on the diets listed in Fig. 6. As expected, D-deficient (rachitogenic) animals
developed hypocalcemia and slight hypophosphatemia and possessed
undetectable concentrations of duodenal CaBP (Fig. 6).

Severe

hypophosphatemia occurred in the low phosphorus diet chicks, and as reported
previously (Friedlander et al., 1977; Montecuccoli et al., 1977), duodenal CaBP
levels were elevated approximately two-fold. As can be seen in Fig. 6, a lowcalcium diet elicited a greater (threefold) enhancement in duodenal CaBP while
producing only mild, but statistically significant hypocalcemia. Presumably,
secondary hyperparathyroidism prevents plasma calcium from falling
dramatically in both the low-calcium and D-deficient cases. Thus, the restriction
of phosphorus and calcium in the present experiments (Fig. 6) triggered the
adaptive responses that were established in previous studies of CaBP
(Friedlander et al., 1977; Montecuccoli et al., 1977).

In addition, plasma

1,25(OHhD3 concentrations were measured in a companion experiment utilizing
essentially the same diets and experimental conditions with the following results:
D deficient = < 10 pg/ ml; normal = 55 ± 4 pg/ ml; low calcium

= 125 ± 3 pg/ ml;

0\
~

Figure 6. Influence of Dietary Restrictions on Plasma Minerals and Intestinal CaBP Protein Levels

Diet Compositiona
Group
Rachitogenic
Nonnal
Low Phosphorus
Low Calcium
a
b
C

d
C

f

P

Vito D3 Ca
(IU/kg) (%)

(%)

1.0
1.0
1.1
0.1

1.1
1.1
0.3
1.2

1200
1200
1200

Plasma Levelsb
Ca
(mg/dl)
6.8 ±
8.8 ±
10.0 ±
7.3 ±

0.2(S)C
0.2(6)d
0.2(6)d

0.2(S)

P
(mg/dl)
4.7 ±
6.1 ±
2.2±
6.1 ±

0.6(6)C
0.3(6)[
0.1(6)C
0.3(6)

Duodenal CaBP
Concentrationsb
CaBP
(pg/mg protein)
0(6)d

30.S ± 1.7 (6)d
70.0 ± 3.S(6)d
93.4 ± 3.S(6)d

Ca and P contents of diets determined by direct analyses.
Values are given as the mean ± S.E.M. with the exact number of animals assayed listed in parenthesis.
Significantly different from the normal and low phosphorus groups at p < 0.01 and not significantly different from the
low calcium group (p > 0.05).
Significantly different from all other groups at p < 0.Ql.
Significantly different from all other groups at p < 0.05.
Not significantly different from the low calcium group (p> 0.05) but significantly different from the other two groups at
p < 0.05.
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low phosphorus = 171 ± 26 pg/ ml. These results document that the expected
increases in plasma l,25(OHhD3 occur under the conditions of this experiment
involving calcium and phosphate depletion and are consistent with the original
observation in rats that mineral restriction significantly enhances circulating
l,25(OHhD3 (Hughes et al., 1975).

Regulation of intestinal CaBP mRNA
Poly(A)+ RNA was isolated from the duodena of chickens fed the diets
described in Fig. 6 and evaluated by Northern blot analysis utilizing p-actin as a
control representing a nonregulated mRNA. As illustrated in Fig. 7, the major 2.0
kb CaBP mRNA species is undetectable in the D-deficient chick duodena. Low
phosphorus chickens demonstrated an increase (two-fold) in CaBP mRNA
compared to the level in chicks placed on a normal diet (Fig. 7). Chickens on a
calcium-depleted diet exhibited an even greater increase (three-fold) in CaBP
mRNA over the normal animals. As depicted in Fig. 7 (inset), rehybridization of
this blot with the cDNA for actin verifies that equal amounts of un degraded
mRNA were loaded in each lane. A second independent poly(A)+ RNA isolation
(different animals) and Northern blot analysis (data not shown) revealed results
identical to those pictured in Fig. 7. Moreover, total RNA was prepared from the
same tissue samples by independent methodology and analyzed with CaBP
oligomers using a solution hybridization technique (Bar et al., 1990); the results
(data not shown) quantitatively confirmed the Northern blot experiments.
Therefore, all the tested dietary manipulations affected CaBP mRNA levels and
did so in a fashion similar to the influence that they had on CaBP protein levels
(Fig. 6).
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kb

R LP LC N

9.5
7.5

4.4
2.4
1.4

•••
0.24
Figure 7: Effect of dietary composition on avian CaBP mRNA expression as
assessed by Northern blot analysis. Each lane contains an equal amount (10 J.lg)
of poly(A)+ RNA isolated from the intestine of chicks on various diets as
indicated: R (rachitogenic), LP (low phosphorus), LC (low calcium), N (normal).
In the autoradiogram the upper arrow indicates hybridization to the CaBP cDNA
probe. Inset: Rehybridization of the blot with human f3-actin cDN A after
removal of the CaBP cDNA probe. The position of the actin hybridization is not
aligned to its actual molecular weight.
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To more precisely examine the apparent correspondence of dietary CaBP
protein and mRNA data, duodenal CaBP protein concentrations were plotted
against the appropriate relative CaBP mRNA levels (Fig. 8). CaBP mRNA
intensity as assessed by laser densitometry was divided by the value for the
internal standard of actin mRNA in each diet group. The mRNA results plotted
in Fig. 8 represent a composite of densitometric scans of the data actually shown
in Fig. 7 and the independent repeat experiment (see earlier). It is evident from
Fig. 8 that there is a strong direct correlation between CaBP protein levels and
relative CaBP mRNA concentrations, clearly showing that the expression of
CaBP mRNA and the concentration of the corresponding protein are tightly
coupled under a wide range of physiologic conditions.

Regulation of intestinal VDR mRNA
The experiment illustrated in Fig. 9 shows the relative levels of VDR
mRNA as analyzed by Northern blot hybridization of poly(A)+ RNA isolated
from the duodena of chicks placed on the diets described in Fig. 6. In contrast to
CaBP mRNA, VDR mRNA expression is independent of vitamin D intake
(compare rachitic with normal lanes in Fig. 9). Similar results were obtained in
chickens depleted of vitamin D for up to 2 months instead of the shorter 10 day
period in the present experiments. In these studies in vitro translation was
utilized as well as Northern analysis to verify that severely D-depleted and
normal chickens possess equivalent levels of duodenal VDR mRNA
(Mangelsdorf and Haussler, unpublished data). Interestingly, Fig. 9 shows that a
low-phosphorus diet stimulates VDR mRNA concentration about two-fold,
which is similar to the effect seen on CaBP mRNA (Fig. 7). Thus, in the case of
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Figure 8: Correlation of relative steady state CaBP mRNA levels with CaBP
protein levels under four dietary conditions. Abbreviations for the four diets are
as given in Fig. 7. CaBP protein levels are given in Fig. 6. CaBP mRNA levels are
averages of those obtained by densitometric scanning of the autoradiograms
pictured in Fig. 7 and a second independent RNA isolation and Northern blot
analysis. * The relative CaBP mRNA levels were determined by dividng the ratio
of CaBP mRNA to actin mRNA by the ratio obtained for the normal diet group,
which was given as arbitrary value of unity.
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kb

R LPLC N

9.5
7.5

4.4
2.4-1-------1.4

0.24
Figure 9: Influence of dietary composition on chicken intestinal VDR mRNA
expression. The lanes of the Northern blot are designated in accordance with the
abbreviations of the four diets as listed in Fig. 7. The upper arrow indicates
hybridization of the chicken VDR cDNA probe. Lower portion: The overlay
autoradiogram was obtained by stripping the blot and rehybridizing with the
actin cDNA.

~
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phosphorus restriction the steady state levels of duodenal VDR and CaBP
mRNAs appear to be coordinately upregulated. Surprisingly, low calcium
produces the opposite effect on the VDR mRNA and significantly suppresses it
(Fig 9). Identical results of VDR mRNA enhancement by low phosphorus and
depression by low calcium were obtained from an independent poly(A)+ RNA
isolation from different chickens and subsequent Northern blot analysis (Meyer

et al." 1992). The observation that calcium restriction downregulates VDR mRNA
(Fig. 9) while markedly augmenting CaBP mRNA (Fig. 7) suggests that the
control of VDR can be dissociated from the induction of CaBP in this case.
DISCUSSION

In the present study, the level of CaBP mRNA is modulated by dietary
calcium, phosphorus, and vitamin 0 deprivation in direct proportion to the
observed changes in CaBP protein levels (Fig. 6, 7, and 8). Thus, vitamin D and
mineral status modulate the biosynthesis of avian intestinal CaBP primarily by
variation of gene transcription and/ or mRNA stability, but not via efficiency of
translation. These data refute those of Theofan et al. (1987), who observed the
expected increases in CaBP protein during mineral depletion (compare to Fig. 6)
but found no difference in steady state CaBP mRNA levels between normal, lowphosphorus, and low-calcium duodena, suggesting that mineral regulation of
CaBP occurs at a posttranscriptionallevel. The contradictory results of Theofan

et al. (1987), could be explained by the fact that they analyzed total cellular RNA
hybridized to a 3'-untranslated CaBP eDNA probe by the less definitive
technique of dot-blot, and a nonregulated control mRNA like

~-actin

was not

used to normalize the results. Therefore, the present Northern blot analysis of
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poly(A)+ RNA using a coding region CaBP cDNA probe, coupled with
evaluation of actin mRNA levels as an internal control (Fig. 7), more accurately
characterizes the regulation of CaBP mRNA.
The data presented here demonstrate that dietary restriction of calcium or
phosphate, both of which elevate plasma 1,25(OHhD3 (see Results), significantly
enhances CaBP mRNA steady state levels (Fig. 7). Thus, the current results are
consistent with the concept that avian intestinal CaBP protein and mRNA
concentrations are primarily controlled by circulating 1,25(OHhD3. However,
Clemens et al.

(1988), reported that there is a tissue specificity for the

1,25(OHhD3 dependence of CaBP. Unlike intestinal CaBP, which is absolutely
dependent upon 1,25(OHhD3 for expression, brain CaBP is constitutively
expressed and renal CaBP is partially dependent on the presence of 1,25(OHhD3.
Although avian duodenal CaBP synthesis is absolutely induced by 1,25(OHhD3,
this study indicates that duodenal VDR synthesis is not dependent on the sterol
hormone for basal levels of expression. Similar conclusions were reached by
Favus et al. (1988) and Huang et al. (1989), who measured rat duodenal VDR
mRNA levels. These observations are also consistent with previously published
results that the level of VDR protein is equivalent in vitamin D deficient and Dreplete intestinal mucosa of chicks as assessed by both radioimmunoassay
(Dokoh et al., 1984) and exchange assay techniques (Hunziker et aI., 1982).
Recently, Goff et aI. (1990a), provided preliminary data indicating that
dietary phosphate restriction in rats results in an approximate twofold
upregulation of the intestinal VDR protein levels. Interestingly, the present data
in chickens reveal that the duodenal VDR mRNA content is increased twofold by
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dietary phosphate restriction (Fig 9). These new findings may explain why, in
previous studies, chickens challenged with a low-phosphate diet showed an
increased accumulation of 1,25(OHhD3 in the intestinal mucosa (Edelstein et al.,
1975).

It is reasonable to conclude that enhanced 1,25(OH}zD3 hormone

accumulation could be facilitated by an elevated number of receptors in the
target cells. There are alternative interpretations, however, such as a decreased
rate of 1,25(OHhD3 degradation in the duodena of chickens on a low
phosphorus diet (Simboli-Campbell and Jones, 1991). Nevertheless, the results
summarized here support the hypothesis that the increased tissue responsiveness
to vitamin D, which occurs with phosphorus deprivation (Friedlander et al.,
1977), is due in part to increased VDR levels. Since circulating 1,25(OHhD3 is
elevated by phosphate depletion (see Results), it is also likely that supranormal
1,25(OH}zD3 upregulates VDR mRNA, as it does in cell culture (Costa et al., 1985;
Mangelsdorf et al., 1987b) and in vivo (Costa and Feldman, 1986). Therefore, the
combination of enhanced circulating l,25(OHhD 3 and intestinal VDR
concentrations (Fig. 9) may constitute the mechanism by which a low phosphate
diet ultimately stimulates CaBP mRNA levels (Fig. 7).
Similarly, it was reported in chickens that the content of 1,25(OHhD3 in
the intestinal mucosa is increased by dietary calcium restriction (Edelstein et al.,
1975), yet the present results (Fig. 9) and those of Hunziker et al. (1982), who
measured total avian intestinal VDR by exchange assay, reveal decreased
duodenal VDR.

Thus, in the case of calcium depletion, the increased

concentration of 1,25(OHhD3 in the intestinal mucosa appears to be dependent
primarily on the concentration of circulating 1,25(OHhD3 hormone (see Results).
In chickens, the dietary restriction of calcium markedly increases renal
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1,25(OHhD3 biosynthesis (Friedlander et ai., 1977; Montecuccoli et ai., 1977) and
circulating 1,25(OHhD3 (see Results). It has been shown that VDR occupancy is
proportional to the level of serum 1,25(OHhD3 and calcium depletion increases
the percentage of occupied receptors (Hunziker et ai., 1982). Although decreased
calcium intake suppresses duodenal VDR mRNA (Fig. 9), apparently under this
challenge the I-hydroxylase activity and circulating 1,25(OHhD3 are augmented
to offset this deficit and lead to the occupation of available VDRs and to the
efficient induction of CaBP.
The preceding explanation does not provide insight into what factor or
factors elicit VDR mRNA downregulation under low-calcium stress.

One

possibility is provided by recent studies (Goff et ai., 1990b) demonstrating that
although rats fed a low calcium diet exhibited the expected increased plasma
1,25(OHhD3 concentrations, this enhanced 1,25(OH>2D3 did not upregulate
duodenal VDR and renal VDR levels were actually downregulated. To explain
these findings, Reinhardt and Horst (1990), examined the in vitro and in vivo
effects of PTH on VDR regulation and observed that PTH significantly reduces
VDR concentrations. Consequently, they proposed a model by which increased
PTH levels, or secondary hyperparathyroidism resulting from calcium
deficiency, mediates the downregulation of VDR.

The present data are

compatible with their model, and we speculate that not only could PTH suppress
VDR expression during secondary hyperparathyroidism, but that under low
dietary phosphate conditions, putative PTH-mediated suppression of VDR may
be relieved by the attenuation of PTH secretion, resulting in VDR upregulation.
One caveat to a PTH-mediated down-regulation of VDR is that traditionally PTH
receptors have not been demonstrated to exist in the intestine. However, some of
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the direct effects of PTH on the intestine can be blocked by a PTH antagonist
(Mok et al., 1989). Moreover, in isolated perfused duodena, PTH-stimulated
calcium transport supports the contention of a receptor-mediated action of PTH
and thus the presence of PTH receptors in the intestine (Nemere and Norman,
1986).

The recent cloning of the PTH receptor cDNA should allow a re-

examination of the presence of intestinal PTH receptors.
Based upon the present study and previously reported research, Fig. 10
presents a model for the dietary control of the CaBP and VDR genes in avian
intestinal cells. The stimulation of duodenal CaBP expression by a low-calcium
diet appears to be mediated primarily by the kidney through an increased 1hydroxylase activity, enhanced circulating 1,25(OHhD3, and localization of
l,25(OHhD3 to the intestinal mucosa. However, the possibility cannot be
excluded that a portion of CaBP regulation is affected by calcium, per se, perhaps
via a direct influence of calcium ion concentration on CaBP mRNA stability.
Nevertheless, the l,25(OHhD3-VDR complex is depicted as having either a direct
or indirect effect, via a vitamin D-dependent factor (DDF), on CaBP gene
transcription and/ or mRNA stability. Phosphate restriction appears to amplify
CaBP expression both by augmented l,25(OHhD3 levels and by an increased
responsiveness of the target tissue to l,25(OHhD3, probably via escalated VDR
levels. VDR regulation may involve factors other than l,25(OHhD3 that are
responsive to mineral status, such as PTH. Assuming PTH does regulate VDR
expression and cAMP being the classic second messenger that mediates many of
PTH actions, PTH is shown regulating VDR gene expression through a specific
DNA

element

(CRE)

which

has

been found

in

several

cAMP
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VDR levels are decreased
by calcium depletion and
increased by phosphate
depletion

r

no

Oil
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circulating 1 ;25(OIl) 2D 3 is enhanced by
phosphate and calciwn depletion

Figure 10: Hypothetical model for the dietary control of the avian intestinal

CaBP and VOR mRNAs. Adaptation to altered dietary intake of vitamin 0,
calcium or phosphorus results in a spectrum of endogenous l,25(OHh03
concentrations which alter CaBP expression accordingly. Ligand occupied VORs
regulate CaBP expression directly or perhaps indirectly, through induction of a
vitamin O-dependent factor (ODF) which either induces or stabilizes CaBP
mRNA. Moreover, CaBP expression is mediated primarily by gene transcription
or mRNA stabilization, but not post-translationally. VOR gene expression is
modulated by another endocrine-mediated factor other than l,25(OHh03,
perhaps PTH via a negative cAMP responsive element (CRE).
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responsive genes. In this particular case, it would be a negative CRE, since VDR
mRNA concentrations are attenuated by excess PTH increased under conditions
of low calcium. Dissecting the mechanisms regulating gene transcription and
mRNA stability of VDR and CaBP will require analysis of the corresponding
genomic sequences in conjunction with the development of in vitro systems to
help identify sequence elements and study the mRNA half-life of these genes.
The studies in the succeeding chapter further evaluate the 1,25(OHhD3regulation of CaBP and CaBP mRNA stability utilizing duodenal organ culture.
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CHAPTER IV

1,25(OHhD3-DEPENDENT REGULATION OF CABP MRNA REQUIRES ONGOING
PROTEIN SYNTHESIS IN CHICK DUODENAL ORGAN CULTURE

INTRODUCTION

1,25(OH)zD3 exerts its effects on target tissues through 1,25(OH)zD3
receptor (VDR), which belongs to a superfamily of steroid/thyroid hormone
receptors which are known to act as ligand-dependent transcription factors
(Evans, 1988). Based on this fact, the observed 1,25(OHhD3-mediated increase in
CaBP expression has been attributed to transcriptional activation of the gene.
There exists some evidence from in vivo studies which support this hypothesis
(Ferrari and Battini, 1990; Theofan et ai., 1986).

However, a number of

investigators have been unsuccessful in defining experimentally a VDRE in the
avian CaBP gene (MacDonald et ai., 1992; Minghetti et ai., 1991). Additionally, in

vivo studies employing cycloheximide have implicated 1,25(OHhD3 as having
both a transcriptional and post-transcriptional effect on CaBP mRNA
accumulation (Clemens et ai., 1988a; Theofan and Norman, 1986).
More recent investigations illustrate that 1,25(OHhD3 controls the
expression of several other genes post-transcriptionally (Matthew et ai., 1989;
Tobler et al., 1988), consistent with several reports that steroid hormone action is
not restricted to transcriptional events (Nielsen and Shapiro, 1990a). In order to
elucidate the influence of 1,25(OHhD3 on chick intestinal CaBP expression, this
study utilized an organ culture system of 19-day-old chick embryo duodena.
Corradino et al. (1969), originally demonstrated that the duodenal loop from the
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embryonic chick contains no detectable CaBP. Upon addition of l,25(OHhD3 to
the culture medium, CaBP synthesis is stimulated and calcium absorption is
enhanced in the duodenal mucosa (Corradino and Wasserman, 1971; Franceschi
and DeLuca, 1981). In the present study, the inhibitors of translation and
transcription, cycloheximide and actinomycin D, respectively, were utilized to
evaluate the mechanism of l,25(OHhD3-dependent CaBP gene expression. The
data indicate that both ongoing transcription and translation are required for
l,25(OHhD3-dependent CaBP mRNA accumulation. However, the major effect
of l,25(OHhD3, presumably via its receptor and a putative labile protein coreceptor, is at the level of transcription and not CaBP mRNA stabilization.
MATERIALS AND METHODS

Culture Materials
Waymouth's media was obtained from GIBCO (Grand Island, NY).
l,25(OHhD3 was provided by Hoffmann La-Roche (Nutley, NJ).

[3H-

1P]1u,25(OHhD3(3 Ci/mmol) was prepared by Dr. Glenville Jones utilizing the
synthesis procedure of sodium borotritide reduction of 1-oxo,25hydroxyprevitamin D3 previously described (Makin et al., 1989). Actinomycin D
was purchased from Boehringer Mannheim (Indianapolis, IN). Cycloheximide
was purchased from Sigma (St. Louis, MO).

5,6 dichloro-1-p-

ribofuranosylbenzimidazole (DRB) was purchased from Calbiochem (La Jolla,
CA).
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Duodenal Organ Culture
The procedure used to culture embryonic chick duodena has been
described by Corradino (1984). 19-day-old chick embryos were obtained from
the University of Arizona Poultry Farm (Tucson, AZ). The duodena were
excised and the pancreas removed from each under sterile conditions. The tissue
was mounted, mucosal side up, on steel grids in 60 mm cell culture dishes
containing approximately 6-7 ml of Waymouth's medium supplemented as
described (Corradino, 1984). 1,25(OHhD3, [3H-lp]1a,25(OHhD3, actinomycin D
or cycloheximide were dissolved in ethanol and added to the media, such that
the final concentration of ethanol never exceeded 0.3%. Tissues were incubated
for up to 24 h at 37°C in a humidified atmosphere of 95% air and 5% C02 with a
medium change every 12 h. Each experiment was repeated 2-3 times and 6-9
duodena were used per treatment group (3 duodena per dish).

Binding of [3H-l/3]1a,2S(OHhD3 to Chromatin
Duodena were homogenized in 10 mM Tris-HCI (pH 7.4) with 15 strokes
on a motor-driven, glass-Teflon homogenizer. The homogenate was centrifuged
at 1000 x g for 10 min. The resulting crude-nuclear pellet was resuspended by
homogenization in lysis buffer (25 mM NaCI/ 8 mM EDTA) and centrifuged at
12,000 x g for 10 min. This nuclear pellet was mixed with Triton X-I00 buffer (10
mM Tris-HCI (pH 7.4)/ 1% Triton X-I00) and a crude chromatin pellet was
recovered by centrifugation at 16,000 x g for 10 min. Further purification of the
chromatin pellet was achieved by washing in 10 mM Tris-HCI (pH 7.4) followed
by centrifugation at 60,000 x g for 1 h. The nuclear accumulation of radiolabeled
sterol, [3H-lp]1a,25(OHhD3, was quantitated by homogenization of the
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chromatin pellet in 400 JlI of extraction buffer (10 mM Tris-HCI (pH 7.4)/ 0.3 M
KCl). An aliquot of this extract was used for protein determination by Bradford
assay (Bradford, 1976) and another aliquot was directly counted in Ready Value
liquid scintillation cocktail (Beckman, Fullerton, CA).

Measurement of VDR Turnover
Chromatin pellets were prepared as described above. Protein extracts
were prepared for Western blot analysis by resuspending the chromatin pellet in
500 JlI IX final sample buffer (FSB: 2% SDS/ 62.5 mM Tris-HCI/ 10% glycerol)
(Laemmli, 1970) and heating at 65°C for 10-15 min followed by centrifugation at
16,000 x g for 10 min. Samples were stored at -20°C until further preparation for
Western blot analysis.

Western Blot Analysis
Duodenal extracts were prepared by homogenizing 3 duodena in 2
volumes (w Iv) of IX FSB with a glass homogenizer. Insoluble debris was
removed by heating at 80°C for 5 min followed by centrifugation at 16,000 x g for
10 min. Protein concentrations were quantitated with a BCA protein assay kit
(Pierce, Rockford, IL). Lysates were stored at -20°C until used. Samples were
prepared for electrophoresis by addition of p-mercaptoethanol and bromphenol
blue to final concentrations of 5% and 0.004%, respectively. Duodenal VDR and
CaBP protein levels were assessed by immunoblotting techniques adapted from
previous procedures utilizing the 9A7'Y antibody and anti-CaBP antisera,
respectively (Mangelsdorf et al., 1987ai Pike et al., 1987). Briefly, protein samples
were resolved on 5-20% linear gradient SDS-polyacrylamide gels, and then
electrophoretically transferred to Immobilon-P membranes (Millipore) in transfer
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buffer (25 mM Tris-HCl/ 190 mM glycine/ 20% methanol/ 0.01% SDS).
Membrane washes were carried out as outlined previously (Allegretto et al.,
1987) with the exception that TBS replaced PBS in the wash solutions. Final

immunochemical detection was achieved utilizing radioiodinated protein A
followed by subsequent autoradiography.

RNA Extractions and Northern Blot Analysis
At the time of harvest, tissue was removed from the culture medium,
quickly frozen under liquid nitrogen and stored at -80°C. Poly (A)+ RNA was
isolated using the Fast Track mRNA Isolation Kit (Invitrogen, San Diego, CA).
RNA was fractionated by electrophoresis through a 1% agarose/ 3% (w/v)
formaldehyde gel. Northern blotting was performed by electro-transfer onto
Nytran membranes (Schleicher & Schuell). Hybridization with DNA probes and
wash conditions were described previously (Chapter II). Either the cDNA probe
for chicken f3-actin or GAPDH genes were utilized to normalize for transfer and
loading.

Test of Inhibitors of Protein and RNA Synthesis
The inhibitory effect of cycloheximide was verified by measuring the
incorporation of [35S]methionine (1186 Ci/ mmol, New England Nuclear) into
newly synthesized protein. Tissues were cultured in the presence of 24 JlCi! ml
of [35S]methionine and 36 JlM cycloheximide for 0.25, 0.5, 1, 2, 4, and 8 h.
[35S]methionine incorporation was quantitated by counting the trichloracetic
acid-precipitable material.

This concentration of inhibitor reduced

[35S1methionine incorporation into newly synthesized protein by 95% within 30
min (data not shown). Actinomycin D and DRB activities were determined by

67
measuring the incorporation of [3H]uridine (42.4 Ci/ mmol, New England
Nuclear) into total RNA. Briefly, the tissues were incubated in the presence of
these transcription inhibitors for 0.5, 1 and 2 h. Medium was removed and
replaced with medium containing 10 IlCi/ml [3H]uridine for 1 h. [3H]uridine
incorporation was quantitated by counting the trichloracetic acid-precipitable
material. While 8.2 IlM actinomycin D inhibited total RNA synthesis by 30-50%
(data not shown), concentrations of 0.5 and 1.6 IlM did not significantly inhibit
the incorporation [3H]uridine into total RNA. Media containing 500 IlM DRB
concentration was determined to effectively block 80% of total RNA synthesis.

Measurement of CaBP mRNA stability
Embryonic chick duodena (2 plates at 3 duodena per plate) were
incubated in the presence of 200 pM 1,25(OHhD3 for 8 h to allow CaBP mRNA
accumulation. This concentration of hormone was chosen because it is more near
physiological concentrations, was sufficient to induce CaBP mRNA accumulation
within 8 h, and could be removed by a 1,25(OHhD3 wash-out procedure. For
this wash-out, the medium was replaced three times for 20 min periods with prewarmed Waymouth's media + 2% bovine serum albumin. Medium containing
500 IlM DRB in the presence or absence of 200 pM 1,25(OHhD3 was used for the
remainder of the incubation period. At 0, 2, 4 and 8 h tissue was removed from
the culture medium, quickly frozen under liquid nitrogen and stored at -80°C.
Poly (A)+ RNA was isolated and analyzed by Northern blot as described above.
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Quantitation of CaBP pre-mRNA and mRNA by the polymerase chain reaction (PCR)
The method for quantifying transcripts by means of PCR amplification
with an internal control is essentially that described by Wang et al. (1989). A
synthetic gene, pCaBP, was constructed for the purposes of preparing
complementary RNA (cRNA) to utilize as an internal control. pCaBP is a cassette
of linked PCR primers ligated into the commercial vector pSP64(pol y A)
(Prom ega Biotec) between the SP6 polymerase promoter and a poly(A) tail. SP6
polymerase was employed to synthesize pCaBP cRNA according to the
procedure recommended by Promega Biotec. The cRNA (1327 nucleotides) was
purified by oligo (dT)-cellulose (Boehringer Mannheim) affinity chromatography
and quantitated by spectrophotometric analysis of the absorbance at 260 nm.
Total RNA was extracted from the duodenal tissue utilizing previously
described methods (Chirgwin et al., 1979), and reagents supplied in the Total
RNA Isolation Kit purchased from Invitrogen. The RNA pellet was dissolved in
sterile water quantified by absorbance at 260 nm, and stored at -80 0c. Aliquots
of the total RNA were mixed with a known amount of cRNA and RNA-based
PCR was performed using the GeneAmp RNA PCR kit (Perkin-Elmer Cetus,
Norwalk, CT) and oligonucleotide primers (21 mers) as described previously
(Ferrari and Battini, 1990). Reverse transcriptase reactions (20 J.ll) were carried
out at 42 °C for 30 min in the presence of 3 pmol of 3'-primer and 1 X 106 cpm of
32P-Iabeled 3'-primer. [The 3'-primer was end-labeled by T4 polynucleotide
kinase (Promega Biotec) according to the instructions from the manufacturer.]
Serial dilutions (1:3) of the reverse transcribed cDNA were mixed with 3 pmol of
the appropriate 5'-primer and GeneAmp RNA peR kit reagents. The mixture
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was overlaid with 50 III of mineral oil and thermal cycling was performed using
the Eppendorf Microcycler.

The thermal cycling profile was as follows:

denaturation at 94°C for 1 minute, hold for 2 min at 78 °C while ampliTaq
polymerase is added, followed by 25 cycles of 95°C denaturation for 30 s, 58°C
primer annealing for 1 min and 72 °C extension for 1 min. After amplification, 10

III of the PCR reaction was added to 5 III gel loading buffer (25% glycerol, 50 mM
EDTA, 0.5% SDS, 0.2% bromphenol blue, 0.2% xylene cyanol) and the PCR
products were separated in a 6% polyacrylamide gel. After electrophoresis, the
gels were dried under vacuum and exposed to X-ray film (XAR, Kodak)
overnight. The developed film was aligned with the gel and the appropriate
bands were cut out and quantified by Cerenkov counting.
RESULTS

Binding of (3H-1/3]1a,25(OHhD3 to Duodenal Chromatin
Utilizing duodenal organ culture as an in vitro model system, the ability of
1,25{OH>2D3 to localize to the chromatin where it presumably is specifically
bound to VDR was examined. Following exposure of embryonic duodena to
(3H-1~]1a.,25{OHhD3

chromatin-associated hormone is detectable within 30 min

and near maximal binding occurs within 1-2 h (Fig. 11). Saturable binding of
1,25(OHhD3 is reached between 4 and 8 h after the addition of labeled hormone.
The time course localization of

[3H-1~]1a.,25{OHhD3

in the duodenal chromatin

is very similar to that reported in previous in vivo studies measuring saturation of
1,25{OHhD3 binding to the intestinal nuclear (Theofan et ai., 1986) or chromatin
pellets (Brumbaugh and Haussler, 1974) of rachitic chicks. In these studies
significant amounts of hormone localized in the nucleus within

15-30 min and
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Figure 11:

Time course localization of [3H-lp]1a,25(OHhD 3 to duodenal

chromatin after addition of hormone to the culture media. Chick duodena were
cultured in Waymouth's media and 25 nM [3H-lp]1a,25(OHhD3 was added,
exposing the tissue to hormone for the times indicated in the figure.

[3H-

Ip]1a,25(OHhD3 in the duodenal chromatin was determined as described in
Materials and Methods and is expressed as dpms per

~g

of total protein. Each

data point is the average (+ SE) of two experiments with two chromatin
extractions per experiment.
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reached a plateau near 2-3 h (Brumbaugh and Haussler, 1974; Theofan et al.,
1986). The results of Fig. 11 indicate that the duodenal organ culture is a valid
system for investigating 1,25(OH)zD3 action at the nuclear level. This rapid time
course of 1,25(OHhD3 association to the chromatin is consistent with a receptormediated mechanism of action for the alteration of CaBP gene expression and
other 1,25(OHhD3-dependent physiological responses.

Lack of Regulation of Duodenal VDR by 1,25(OHhD3
The relative concentrations of duodenal VDR after exposure to
1,25(OHhD3 were analyzed by Western blot and are shown in Fig. 12. VDR,
which in chickens is a doublet of molecular weights 60 and 58 kDa, is present in
the duodenal tissue prior to culture (data not shown) and when cultured in the
absence of 1,25(OHhD3 (Fig. 12). The molecular mass standards (kDa) are
denoted on the right and the control lane contains a partially purified
preparation of chicken duodenal VDR. The lower molecular weight species
represent a major proteolytic product of VDR and other abundant proteins that
cross-react with the 9AT( VDR antibody. As illustrated in Fig. 12, treatment of
the duodena with 1,25(OHhD3 for increasing amounts of time (up to 24 h) does
not influence VDR levels.

These results demonstrate that duodenal VDR

expression is not regulated by its ligand. Similar results have been obtained
comparing rachitic to normal chickens, in vivo, where intestinal VDR mRNA
levels were independent of vitamin D intake (Mangelsdorf et al., 1987b; Meyer et
al.,1992).
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Figure 12: Western blot analysis of VDR expression in cultured embryonic chick
duodenum.

Duodena were incubated in Waymouth's media and, for the

durations indicated, 25 nM 1,25(OHhD3 was added. VDR (arrows) appears as a
doublet (at 58 and 60 kDa) and the position of molecular mass standards (kDa)
are denoted on the right. The control lane on the right is a partially purified
preparation of chicken VDR. The lower molecular weight species represents a
major proteolytic product of VDR and other abundant proteins that cross-react
nonspecifically with the 9A7YVDR antibody.
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Figure 13: Western blot analysis of l,25(OHhD3-dependent CaBP expression in
cultured embryonic chick duodenum. Duodena were incubated in Waymouth's
media and for the durations indicated 25 nM l,25(OHhD3 was added. The
protein extracts are identical to the preparations used in Fig. 12. CaBP is
indicated by the arrow on the left and the molecular mass standards (kDa) are
shown on the right.
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Time Course Appearance of CaBP Protein and mRNA After l,25(OHhD3 Treatment
CaBP protein concentration was examined in embryonic chick duodena
cultured in the presence of 25 nM l,25(OH}zD3 (Fig. 13).

A trace amount of

CaBP was detected by immunoblot in the control duodena that were maintained
in the absence of l,25(OH}zD3 (Fig. 13). The detection of CaBP protein prior to
hormone exposure may be reconciled by observations from previous studies
which determined that CaBP begins to appear in duodena of chicks at hatch (21
days) (Corradino et ai., 1969). Since the duodena used for these studies are from
19 day-old-embryos, it is possible that an occasional sample in the pool of tissues
is further along in development and therefore expressing CaBP. In the presence
of l,25(OH}zD3, CaBP synthesis was increased, a response which has been well
established in previous in vivo studies (Clemens et al., 1988a; Ferrari and Battini,
1990; Theofan et al., 1986; Theofan and Norman, 1986). The first detectable
increase in CaBP was observed at 4 h and continued to a final measurement at 24
h. These data correlate well with those of Brown and DeLuca (1990), who
utilized radio-immunoprecipitation assay to detect an induction of CaBP by
l,25(OH}zD3 between 4.5 - 6 h in duodenal organ culture.

Also, ill vivo

observations show that levels of CaBP start to increase by 5 - 8 h when a single
dose of 6.5 nmol of l,25(OH}zD3 is administered to vitamin D-deficient chicks
(Theofan et al., 1986).
Next was examined the temporal relationship between l,25(OH}zD3dependent CaBP mRNA accumulation and CaBP protein synthesis.

The

Northern blot in Fig. 14 illustrates that CaBP mRNA was undetectable in
duodena cultured in the absence of l,25(OH}zD3.

Treatment with 25 nM

l,25(OH}zD3 resulted in detectable levels of CaBP mRNA after 4 h which
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Figure 14: Time course of 1,25(OHhD3-dependent CaBP mRNA induction in
cultured embryonic chick duodenum: Northern blot. Duodena were cultured in
Waymouth's media and 25 nM 1,25(OHhD3 was added for the indicated times.
RNA was isolated from the tissues harvested during the experiment shown in
Figures 2 and 3. Upper autoradiogram: The arrows indicate hybridization of the
CaBP cDNA probe ( at 2.0, 2.7 and 3.1 kb).

Lower

autoradiogram:

Rehybridization of the blot with a chicken p-actin cDNA after removal of the
CaBP cDNA in order to demonstrate that approximately equal amounts of RNA

were loaded in each lane.
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continued to increase through 24 h (Fig. 14). Thus, 1,25(OHhD3-dependent CaBP
mRNA accumulation (Fig. 14) occurs subsequent to nuclear localization of
hormone (Fig 11) and coincides with the increase in CaBP protein accumulation
(Fig. 13).

Effect of Transcription and Translation Inhibitors on 1,25(OHhD3-dependent CaBP
mRNA Accumulation
In initial experiments to discern the mechanism of 1,25(OHhD3-mediated
CaBP expression, the effect of the transcription inhibitor, actinomycin D, on CaBP
mRNA accumulation was evaluated. Fig. 15 illustrates that exposure to 0.5 and
1.6 ~M actinomycin D inhibits the 1,25(OHhD3-dependent accumulation of CaBP
mRNA at 4 and 8 h. No effect of actinomycin D was observed on the nonregulated GAPDH mRNA probed on the same membrane, demonstrating that
the effect of this drug is not general but targeted to specific to mRNAs such as
CaBP. The result of this experiment indicates that transcription is, in part,
required for 1,25(OHhD3-mediated CaBP expression, although it is not
necessarily the only mechanism responsible for increased CaBP mRNA steady
state levels.
To determine the role of ongoing protein synthesis in 1,25(OH)zD3mediated CaBP expression, the translation inhibitor, cycloheximide was
employed. Cycloheximide (36

~M)

inhibits protein synthesis by 95% in the

duodena culture system as quantitated by a decrease in

[35S]methionine

incorporation (data not shown). Northern blot analysis of poly (A)+ RNA
extracted from tissues pretreated with cycloheximide for 30 min prior to addition
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Figure 15: Effect of actinomycin D treatment on 1,25(OHhD3-dependent CaBP
mRNA expression in cultured embryonic chick duodenum: Northern blot.
Duodena were cultured for a total of 24 h. 4 or 8 hours prior to the termination
of the culture period, 0, 0.5, or 1.6 ~ actinomycin D was added simultaneously
with 25 nM 1,25(OHhD3' Each lane contains equal amounts (5 Jlg) of poly (A)+
RNA. The upper three arrows indicate hybridization of the CaBP cDNA probe.
To verify equal RNA loading per lane and transfer efficiency, the blot was

rehybridized with GAPDH eDNA probe (lower arrow).
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Figure 16: Effect of cycloheximide treatment on 1,25(OHhD3-dependent CaBP
and VDR mRNA expression in cultured embryonic chick duodenum: Northern
blot. Prior to termination of the culture period, the tissue was pre-treated for 30
min with either 36

~M

cycloheximide (CHX) or ethanol vehicle followed by

incubations in the presence or absence of 25 nM l,25(OHhD3 (1,25) for 4 or 8 h.
Panel A: Shows the hybridization of the CaBP cDNA probe (arrows). Panel B:
The blot was stripped and rehybridized with the VDR cDNA probe (arrow
points to the 2.6 kb VDR RNA transcript). Panel C: The same blot was stripped a
second time and rehybridized with the GAPDH cDNA probe to normalize RNA
loading per lane.
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of hormone, demonstrated nearly a complete inhibition of 1,25(OHhD3dependent CaBP mRNA accumulation at 4 and 8 h post-hormone treatment (Fig.
16A). Since cycloheximide treatment effected a concurrent super-induction in
VDR mRNA levels (Fig. 16B) and only slightly attenuated GAPDH mRNA levels
(Fig. 16C), the antibiotic treatment was specific in preventing CaBP mRNA
accumulation and apparently was not toxic to the tissue during the time course
evaluated.
Previous evaluation of VDR stability in rat osteosarcoma cells (ROS 17/2)
(Pan and Price, 1987) and pig kidney cells (LLC-PK1) (Costa and Feldman, 1987)
revealed the half-life of the 1,25(OHhD3 receptor to be 2.7 hand 4.3 h,
respectively. In order to verify that the incubation with cycloheximide did not
lead to a dramatic reduction in VDR levels, chromatin-associated proteins were
isolated from duodena exposed to cycloheximide for 4, 8, 16, and 24 h. Western
blot analysis of chromatin extracts showed some decrease in VDR levels in the
presence of cycloheximide at every time point examined (Fig. 17). However,
significant levels of VDR persist over the 4 - 8 h period where cycloheximide
completely inhibits CaBP mRNA accumulation. Therefore, it is argued that
sufficient levels of VDR exist for 1,25(OHhD3 to regulate CaBP gene expression,
but continual synthesis of another protein is necessary for 1,25(OHhD3dependent CaBP expression.

Effect of 1,25(OHhD3 on CaBP mRNA Stability in Cultured Embryonic Duodena
To determine whether the 1,25(OHhD3-mediated increase in CaBP mRNA
was the result of an increase in CaBP mRNA half-life, RNA synthesis was
blocked by DRB. A typical time course experiment of CaBP mRNA decay in the
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Figure 17: VDR turnover in cultured embryonic chick duodenum: Western
analysis of chromatin extracts. Duodena were treated with 36

~M

cycloheximide

(+) or ethanol vehicle (-) at the various times (4,8, 16, and 24 h) prior to harvest.

Each lane contains equal amounts of total protein (400

~g)

from chromatin

extracts prepared as described in Material and Methods. VDR (arrows) appears
as a doublet and the position of molecular mass standards (kDa) are denoted on
the right.
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Figure 18: Effect of 1,25(OHhD3 on CaBP mRNA stability in cultured embryonic
duodena. Embryonic chick duodena were incubated in the presence of 200 pM
1,25(OHhD3 for 8 hi followed by a hormone washout procedure (see Methods).
Tissues were further cultured in media containing 500 11M DRB in the presence
or absence of 200 pM 1,25(OHhD3 and at various times (0, 2, 4 and 8 h) tissues
were removed and processed. Northern blot analysis of poly (A)+ RNA isolated
from the samples. Upper autoradiogram: The arrows indicate hybridization of
the CaBP cDNA probe.

Lower autoradiogram:

To demonstrate that

approximately equal amounts of RNA were loaded into each lane, the blot was
rehybrized with a GAPDH cDNA probe after removal of the CaBP cDNA probe.
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Figure 19: CaBP mRNA decay in the presence and absence of l,25(OH)zD3. The
autoradiograms from three independent experiments, such as that depicted in
Fig. 17, were scanned densitometrically and the average of the values, given as %
of control CaBP (0 h), were plotted. Actual CaBP mRNA concentrations, given as
% of control

± SE (0 h) at 2, 4, and 8 h in the presence of l,25(OH)zD3 were 89±11,

87±19, and 55±2, and in the absence of l,25(OHhD3 they were 101±13 , 76±7, and
56±7.
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presence or absence of 1,25(OHhD3 as assessed by Northern blot is illustrated in
Fig. 18. The stability of CaBP mRNA appears similar in tissue maintained in
either the presence or absence of 1,25(OHhD3. Linear regression analysis of data
from three independent experiments (Fig. 19), reveals that CaBP mRNA decays
with a half-life of 9.5 hand 9.6 h in the absence or presence of 1,25(OHhD3,
respectively, and statistical analysis reveals that these half-lives are not
significantly different.

Effect of 1,25(OHhD3 on CaRP gene transcription in cultured embryonic chick duodena
as assessed by quantitative PCR
To evaluate whether the lag in 1,25(OHhD3-induced CaBP mRNA
accumulation of 4 h (see Fig. 14) was due to a delayed transcriptional response to
the hormone, CaBP gene transcription was evaluated by the sensitive detection
method of PCR. Prior attempts at nuclear run-on assays were unsuccessful, most
likely due to the low level of CaBP transcripts and/ or the inability to prepare
transcriptionally competent nuclei from the duodena. Therefore, in the present
study, nascent CaBP gene transcription was analyzed by following the time
course accumulation of CaBP pre-mRNA and mRNA sequences utilizing
quantitative PCR technology. Total RNA was prepared from duodena which
had been treated with 1,25(OHhD3 for various lengths of time (0, 0.5, 1, 4, and 8
h). RNA was mixed with pCaBP cRNA, the internal control RNA, and CaBP
specific RNA species were reverse transcribed into cDNA utilizing a 32P-Iabeled
3'-primer complementary to sequences in exon 2 of the CaBP gene (Fig. 20).
CaBP pre-mRNA and mRNA sequences were amplified by PCR employing 5'primers homologous to sequences in intron 1 and exon 1, respectively (Fig 20).
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Figure 20: A) Schematic map of 5'-region of the CaBP gene structure illustrating
the exon/ intron boundaries along with the location and direction of
oligonucleotide primers (arrows) utilized in PCR amplification of CaBP premRNA sequences (161 bp) and CaBP mRNA sequences (98 bp). B) Structure of
pCaBP synthetic gene utilized as an internal control in quantitative peR. The
plasmid was generated by ligating the oligonucleotide primer cassette between
the SP6 polymerase promoter and polyadenylated sequence (stippled boxes) of
the commercial vector pSP64(poly A). In vitro transcription from the SP6
promoter yields a 1327 nucleotide cRNA.
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Figure 21: PCR amplification of CaBP pre-mRNA and mRNA sequences.
Duodena were exposed to 25 nM l,25(OHhD3 for the indicated times (0, 0.5, 1,4
and 8 h). Total RNA (20-200 ng) was mixed with pCaBP cRNA (1 pg) and
reverse transcribed into eDNA utilizing the 3'-primer located in exon 2 (Fig. 20).
This reaction was followed by 25 cycles of PCR amplification employing either
the 5'-primer from intron 1 (the five leftmost lanes) or the 5'-primer located in
exon 1 (the five rightmost lanes) thereby amplifying CaBP pre-mRNA or mRNA
sequences, respectively (Fig. 20).
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Analysis of the PCR products reveals that duodena treated with 1,25(OHhD3
begin to accumulate CaBP pre-mRNA sequences 1 h after hormone exposure
(Fig. 21), suggesting that CaBP gene transcription is initiated within 1 h. CaBP
mRNA sequences also accumulate at 1 h, indicating that there is not a significant
lag between CaBP transcription and CaBP mRNA processing.
Inclusion of a known amount of the internal standard (pCaBP cRNA)
provides a means to estimate the amount of accumulated CaBP mRNA and premRNA transcripts at the various times after hormone addition (Figure 22). After
1 h exposure to hormone, CaBP pre-mRNA and CaBP mRNA were elevated from
the basal levels of 250 and 1000 to 1100 and 4500 copies per J.1g of total RNA,
respectively. Figure 22 also illustrates a coincidental increase in CaBP premRNA and CaBP mRNA, demonstrating no significant delay in mRNA
processing.
DISCUSSION

The expression of CaBP in the chick duodenum exhibits an absolute
requirement for 1,25(OHhD3, but it remains unclear whether the effect of
1,25(OHhD3 and its receptor is directly on CaBP gene transcription or requires
an additional cooperative or mediator protein. Previous data have indicated that
1,25(OHhD3-mediated CaBP regulation is primarily transcriptional or posttranscriptional, but not the result of altered translation efficiency (Chapter III).
This study was designed to elucidate whether 1,25(OHhD3 and its receptor
mediate a transcriptional or post-transcriptional effect that is direct, or one that
requires protein synthesis which would suggest the necessity for a cooperative or
intermediary protein(s). In order to address these questions an organ culture
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Figure 22: Quantitative PCR analysis of CaBP pre-mRNA and mRNA sequences
in cultured embryonic chick duodena at various times after 1,25(OH)zD3
treatment. A dilution series of the reverse transcriptase reactions were PCR
amplified. The inclusion of a known amount of internal control RNA (pCaBP
cRNA) allowed the quantitation by extrapolation of the amount of CaBP premRNA (circles) or CaBP mRNA (squares) transcripts per Ilg total RNA (see
Materials and Methods). The same total RNA samples shown in Fig. 21 were
employed for this analysis.
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system of embryonic chick duodena was employed. The data presented herein
correlate well with earlier in vivo studies, demonstrating the utility of the organ
culture system for the study of 1,25(OHhD3-induced CaBP expression. First,
1,25(OHhD3 rapidly localizes to the nucleus (Fig. 11). Second, VDR is present in
the duodena and is not regulated by the hormonal ligand (Fig. 12). Finally,
Western and Northern blot analysis of CaBP protein (Fig. 13) and mRNA (Fig.
14) levels, clearly show that the time course of 1,25(OHhD3-induced CaBP
expression is very similar to that observed in studies in vivo (Brown and DeLuca,
1990; Theofan et al., 1986).
The temporal relationship between hormone localization to the nucleus
(Fig. 11), CaBP mRNA accumulation (Fig. 14), and CaBP protein synthesis (Fig
13) suggests that the increase in CaBP mRNA can be attributed to a l,25(OHhD3receptor mediated transcriptional effect. Addition of actinomycin D to the
culture media abrogates the l,25(OHhD3-elicited increase of duodenal CaBP
mRNA by hormone (Fig. 16), which supports the necessity of a transcriptional
event. However, CaBP mRNA can not be detected by Northern blot until 4 h
after 1,25(OHhD3 addition (Fig. 14), although hormone localizes to the nucleus
within 30 min (Fig. 11). Several mechanisms could account for the delayed time
course of l,25(OHhD3-dependent CaBP expression. The delayed response may
suggest the possibility that the increase in CaBP mRNA is secondary to the initial
accumulation of another hormone-regulated, primary gene product. This type of
hormone-regulation has been described in Drosophila where ecdysone directly
activates the E74A promoter. Accumulated E74A, which is thought to be a
nuclear regulatory protein that binds to specific DNA sites in the ecdysone-
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inducible puff genes, transduces the hormone signal (Urness and Thummel,
1990).
These data reveal that pretreatment of the duodena with cycloheximide
largely prevents CaBP mRNA accumulation (Fig. 16), without a corresponding
decrease in VDR levels (Fig. 17). This suggests that protein synthesis is required
either for CaBP gene transcription or CaBP mRNA stabilization. Transcriptional
activation of some glucocorticoid-regulated genes exhibits cycloheximide
sensitivity due to the requirement of a labile cooperative factor(s). For example,
<Xl-acid glycoprotein (AGP) RNA is induced several fold in liver by
glucocorticoids and treatment with cycloheximide diminishes AGP mRNA
steady state levels (Klein et al., 1987). In the AGP promoter, glucocorticoid
responsiveness is conferred by a 15 base pair sequence and inclusion of a
downstream flanking sequence renders the hormone induction sensitive to
cycloheximide (Klein et al., 1988). Thus, a labile factor(s) is hypothesized to
cooperate with GR to stimulate transcription. Unlike CaBP induction, there is no
time delay in the induction of AGP by hormone. Hepatic rat <X2u-globulin (RUG)
shows a delayed activation by glucocorticoids that can be blocked by an inhibitor
of protein synthesis. A glucocorticoid regulatory element (GRE)-like DNA
segment, which differs from the consensus GRE, confers a delayed
glucocorticoid-induction which is cycloheximide sensitive, mimicking the
expression of RUG, in vivo (Chan et al., 1991). Chan et al.(1991), speculate that
properties intrinsic to the unusual GRE and its interaction with the GR and other
transcription factors are responsible for the delayed response. Tryptophan
oxygenase (TO) is another gene which shows delayed activation by
glucocorticoids and cycloheximide sensitivity. In this case, induction of TO by
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glucocorticoids requires interaction of the GR with the GRE (Nakamura et al.,
1987) and a short-lived, constitutive protein, which is also regulated by
glucocorticoids (Danesch et al., 1987). These examples support the possibility
that an uncharacterized protein is also involved in CaBP gene expression.
Alternatively, hormone-dependent mRNA stabilization is another
potentially important facet of the delayed hormone-response and requirement
for ongoing protein synthesis that characterize CaBP expression. The

~-casein

gene demonstrates a lag in the glucocorticoid-induction and is sensitive to
cycloheximide. Poyet et al. (1989), present evidence for a hormone-dependent

~

casein mRNA stabilization that requires ongoing protein synthesis. Some of the
previous studies of CaBP, in vivo, point to a similar mechanism for l,25(OHhD3dependent CaBP expression (Clemens et al., 1988a; Theofan and Norman, 1986).
In vitamin D-replete chick intestine (versus l,25(OHhD3-induced CaBP), aamanitin treatment had no effect on CaBP mRNA levels up to 4 h, however,
cycloheximide treatment caused a significant reduction within 1 h (Theofan and
Norman,1986). Thus, for chronic CaBP expression, transcription appears to play
a very modest role and perhaps mRNA stabilization is responsible for CaBP
accumulation. In another study, dosing vitamin D-deficient chicks intravenously
with 500 ng l,25(OHhD3 after pretreatment with actinomycin D (50 Jlg/ 100 g)
showed little effect on CaBP mRNA levels, and pretreatment with cycloheximide
(25 Jlg/ 100 g) blunted the acute phase induction (Clemens et al., 1988). Both of
these in vivo studies demonstrate the necessity for continual protein synthesis
and argue against the involvement of transcription. Finally, only a relatively
inactive putative-VDRE has been identified (MacDonald et al., 1992) in the
chicken CaBP gene, consistent with the contention that direct transcriptional
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regulation serves a minor role in CaBP expression. In contrast, a recent study has
characterized a moderately active VDRE upstream of the promoter for the rat
calbindin-D9k gene (Darwish and DeLuca, 1992). Finally, a recent study reports
that 1,2S(OH)zD3-induced CaBP gene transcription is associated with local
changes at the chromatin level. Cancela et al. (1992), report that 1,2S(OHhD3
elicits the appearance of tissue-specific and hormone-dependent DNase-I
hypersensitive sites in the SI-flanking DNA of the CaBP gene and in the large 2nd
intron, implicating these DNA sequences as candidate VDREs or possibly control
regions for the interaction of 1,2S(OH)zD3-regulated factors.
To clarify the above raised questions, the present study demonstrates
(Figs. 18 and 19) that CaBP mRNA decays with a half-life of approximately 9.5 h
in the absence or presence of 1,2S(OH)zD3, indicating that 1,2S(OH)zD3 does not
mediate the stabilization of CaBP mRNA. A caveat of this experiment is that
1,2S(OH)zD3 may regulate the expression of an intermediate protein which is
involved in CaBP mRNA stabilization. Because the transcription inhibitor DRB
was utilized in this experiment, this drug would abrogate the induction of the
postulated intermediate protein. Therefore, we cannot absolutely rule out the
possibility that 1,2S(OH)zD3 controls the turnover of CaBP mRNA, at least via an
unknown induced protein that could retard the degradation of CaBP mRNA.
Employing a pulse-chase labeling with [3H]uridine to monitor the decay of the
radio-labeled CaBP mRNA would alleviate the need to utilize a transcriptional
inhibitor and the involvement of an intermediary protein could be evaluated in
this fashion. Nevertheless, the present data suggest that the delayed time course
of 1,2S(OH)zD3-dependent CaBP expression is attributed to an effect on
transcription or other post-transcriptional mechanisms.

These results are
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consistent with the recent report that 1,25(OHhD3-mediated CaBP expression in
primary chicken kidney cells is dependent primarily on posttranscriptional
mechanisms and to a lesser extent on CaBP gene transcription (Enomoto et al.,
1992). These studies demonstrate that a large increase in 1,25(OHhD3-mediated
CaBP mRNA expression (10-20 fold), which required ongoing protein synthesis,
was accompanied by only marginal increases in CaBP gene transcription and no
detectable efect on CaBP mRNA half-life (12 h). The present studies utilizing
PCR detect CaBP pre-mRNA sequences 1 h after hormone, demonstrating a
1,25(OHhD3-mediated de novo

transcription of the CaBP gene (Fig. 21).

Furthermore, the concurrent increase in CaBP pre-mRNA and mRNA sequences,
argues against a 1,25(OHhD3-mediated regulation of CaBP pre-mRNA
processing (Figs. 21 and 22). However, 1,25(OHhD3 may mediate an effect on
CaBP pre-mRNA turnover, a mechanism of demonstrated importance in eIF-2a
gene expression (Cohen et al., 1990). The rapid induction of CaBP pre-mRNA
and mRNA sequences, suggests that 1,25(OHhD3-receptor complex has a direct
effect on CaBP gene transcription. However, further evaluation of CaBP gene
transcription and its sensitivity to cycloheximide is required. Perhaps other
portions of the CaBP gene and its introns, such as suggested by the studies of
Cancela et al. (1992), must be analyzed for possible VDREs or interaction with
1,25(OHhD3-regulated factors. In addition, CaBP pre-mRNA stabilization is
perhaps a posttranscriptional mechainsm by which the 1,25(OHhD3-receptor
complex enhances CaBP expression and may be evaluated by future PCR studies.
In conclusion, the current data provide evidence that ongoing protein
synthesis is required for the transcriptional or post-transcriptional control of
CaBP by 1,25(OHhD3' It is apparent from these studies that the mechanism is
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more complicated than the conventional hormone-receptor/transcriptional
activation model which explains the regulation of osteocalcin and osteopontin
genes by 1,25(OHhD3 (Demay et al., 1990; Kerner et al., 1989; Noda et al., 1990;
Terpening et al., 1991). Thus, synthesis of an intermediary or cooperative protein
is perhaps required for the 1;25(OHhD3-dependent CaBP transcription or premRNA processing, as has been cited for other steroid hormone regulated genes.
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CHAPTER V

SUMMARY AND CONCLUSIONS

The research presented has focused on providing a further understanding
of the molecular mechanism of l,25(OHhD3-dependent CaBP gene expression in
the avian intestine. The results demonstrate that CaBP synthesis is dependent on
a l,25(OHhD3-mediated transcriptional event and a requirement for ongoing
protein synthesis. The data also provide some insight into the regulation of
duodenal VDR and its involvement in CaBP expression. In addition, isolated
VDR genomic clones furnished information about the 5' gene structure and may
ultimately prove useful for understanding the regulation of VDR by allowing
definition of promoter and upstream regulatory sequences.
Numerous studies have demonstrated that a primary response of the
avian intestine to l,25(OHhD3 is an increased synthesis of CaBP. Recent cloning
and deduced amino acid sequence for the VDR cDNA implicated the receptor as
the molecular mediator of l,25(OHhD3 action (Haussler et al., 1988).
Furthermore, a positive correlation between ligand occupied receptors and CaBP
levels was established, supporting the contention that VDR is involved in CaBP
synthesis (Theofan et al., 1986). In the present studies of the avian kidney and
intestine, developmental changes in VDR concentrations were demonstrated to
be accompanied by a corresponding alteration in CaBP synthesis. A similar
profile of VDR and CaBP expression occurs in the rat neonate where it has been
hypothesized that the differentiation state of the tissue regulates VDR expression
(Huang et al., 1989). The observed complexity of the avian VDR 5' gene structure
perhaps is responsible for early gene regulation since it resembles the 5' UTR
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organization of the other developmentally controlled receptor genes of this
subfamily (Shi et al.,1992; Kastner et al., 1990a; Kanamori et al., 1992). These
findings taken together may implicate the developmental variation in VDR as
playing a role in the developmental expression of CaBP. The studies involving
dietary manipulations, at least in the case of phosphate depletion, support the
hypothesis that receptor abundance influences CaBP expression. The data
indicated that increased CaBP expression probably was augmented both by
enhanced 1,25(OH)zD3 levels and by an increased responsiveness of the target
tissue to 1,25(OH)zD3, via elevated VDR levels.
The in vivo studies of the steady state levels of avian intestinal CaBP
mRNA and protein clearly demonstrate that 1,25(OHhD3 regulates CaBP by
variation of gene transcription or mRNA stability, but not via efficiency of
translation.

The model for the 1,25(OH)zD3-mediated induction of CaBP

expression presented earlier (Fig. 10), is further developed utilizing the data
obtained from experiments conducted with organ culture of 19-day-old chick
embryo duodena (Fig. 23). 1,25(OHhD3 was discovered to localize to the
chromatin within 30 minutes, binding the nuclear VDR. The activated hormonereceptor complex presumably interacts with cis-acting regulatory sequences of
the CaBP gene or an intermediary protein gene, thereby activating transcription
of the CaBP gene directly or indirectly [through a vitamin D-dependent factor
(DDF)]. Two lines of evidence suggest that there is a 1,25(OHhD3-mediated
transcriptional component involved in the increased CaBP synthesis. First,
actinomycin D inhibited the 1,25(OHhD3-induced accumulation of CaBP mRNA
indicating that VDR has either a direct or indirect effect on CaBP gene
transcription.

Second, CaBP pre-mRNA sequences were detected by the
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sensitive technique of PCR within 1 h after 1,25(OHhD3 exposure, consistent
with a model in which 1,25(OHhD3 acts in stimulating CaBP gene transcription.
Furthermore, the rather rapid appearance CaBP pre-mRNA after hormone
stimulation may point to 1,25(OHhD3 as having a direct transcriptional effect,
since one would not expect the synthesis of intermediary proteins (such as DDF,
see Fig. 23) in this short of a time period.
The increased steady state levels of CaBP mRNA may be attributed to a
1,25(OHhD3-mediated enhancement in gene transcription, but presumably they
do not reflect an hormonal enhancement of the stability of newly transcribed
RNA. The present data reveal that CaBP displays a half-life of approximately 9.5
h, in the presence or absence of hormone. Thus, 1,25(OHhD3 or the nuclear
1,25(OHhD3-VDR complex apparently is not necessary for cytoplasmic
stabilization of CaBP mRNA, in contrast to the hypothesized mechanism for the
cytoplasmic stabilization of vitellogenin mRNA by the estradiol-estrogen
receptor complex (Nielsen and Shapiro, 1990b). However, because of the
experimental design of the current investigation, the possibility remains that
1,25(OHhD3 may induce the transcription of gene(s) coding for a protein(s) (such
as DDF) that stabilize CaBP mRNA. Nevertheless, these data indicate a rather
stable message, and thus, the amounts of CaBP mRNA determined by
quantitative PCR at early time points closely reflect the relative levels of newly
transcribed CaBP (1 or 4 h after 1,25(OHhD3 exposure there exist approximately
4.5 X 103 or 9.5 X 104 copies CaBP mRNA per Jlg total RNA, respectively). The
rate of transcription is apparently slow since, CaBP mRNA does not accumulate
to significant concentrations until 4 h after 1,25(OHhD3 exposure, as was

97

Figure 23: Hypothetical model of avian intestinal CaBP gene regulation by
l,25(OHhD3. Hormone first localizes to the nucleas where it binds to VDR. The
activated hormone-VDR complex induces the transcription of CaBP gene directly
or indirectly.

The cycloheximide sensitivity of the l,25(OHhD3-induced

response may indicate the involvement of a labile transcriptional cofactor
[receptor auxilliary factor (RAF)] or a intermediary protein [vitamin Ddependent factor (DDF)]. The hypothetical DDF may stimulate CaBP gene
transcription and/or enhance mRNA stabilization. There appears to be no lag
period between transcription initiation and accumulation of mature CaBP
mRNA.
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observed by standard Northern blot analysis. Moreover, the PCR experimental
results indicate that the delayed accumulation presumably is not the result of a
lag period between initiation of transcription and formation of mature CaBP
mRNA.
CaBP mRNA accumulation is sensitive to a protein synthesis inhibitor,
suggesting the involvement of either an intermediate protein induced by
l,25(OHhD3 or a very labile, short-lived cooperative factor is necessary for
transcriptional activation or message stabilization.

The observation that

cycloheximide had a more immediate and dramatic effect on CaBP mRNA
accumulation than actinomycin D, may indicate that ongoing protein synthesis is
necessary for both CaBP mRNA stabilization and transcription. Although, this
phenomenon may be a reflection of the efficacy of these two different drugs. As
previously stated, l,25(OHhD3 induces a rapid transcriptional response, which
would favor a model whereby cycloheximide sensitivity results from the
inhibition of synthesis of a labile cofactor rather than an intermediary
transcription factor. Transcriptional activation of some glucocorticoid-regulated
genes exhibits cycloheximide sensitivity due to the requirement of a labile
cooperative factor(s). Uncharacterized factor(s) present in nuclear extracts have
been shown to enhance the binding affinity of purified VDR, RAR and TR to
their respective response elements. These nuclear factors have been termed
coregulators and recent studies have identified a protein, RXR

~

as an orphan

receptor which exhibits these properties. In addition to increasing the binding of
these receptors to specific response elements, RXR

~

has also been shown to

augment the transcriptional activity of promoters containing the respective
response element. An interesting possibility exists that these coregulators or
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other as yet unidentified proteins, may be the short-lived transcription factors
which are required for transcriptional activation of cycloheximide-sensitive
hormone-responsive genes.

However, the coregulators have not been

demonstrated to be particularly labile, therefore these cycloheximide-sensitive
cofactors are most likely different, as yet unidentified transcriptional factors.
This research provides evidence for the transcriptional control of CaBP
expression and perhaps will prompt the re-investigation of the involvement and
interaction of the 1,25(OHhD3-VDR complex in CaBP gene transcription.
Moreover, the finding that CaBP gene expression requires ongoing protein
synthesis, indicates that other unidentified proteins are involved in the
mechanism of hormone receptor elicited gene control.
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