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Isolation and Characterization of the Chicken Vitamin D
Receptor Gene and Its Promoter
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Abstract The sequences from several independent cDNA clones encoding the chicken vitamin D receptor as well
as primer extension assay have clearly delineated the 5’ terminus and the transcriptional start site. Screening a chicken
genomic library produced genomic clones containing vitamin D receptor (VDR) gene fragments. Restriction map of
clone 8 showed that the 18.6-kb chicken VDR fragment has exons 1 and 2, intron 1, part of intron 2, and 7-kb 5’ flanking
region. Exons 1, 2, and 3 found in the chicken VDR gene shares low homology with its mammalian counterparts (i.e.,
E1A, E1B, and E1C in human). By contrast, the fourth exon and following exons for the coding region of VDR gene are
highly conserved between avian and mammalian species. While the fourth exon bears the ATG sites for translation
initiation in mammals, the third exon in birds has two extra ATG sites for leaky translation as determined previously.
Thus, the avian VDR has more N-terminal sequence than the mammalian VDR and is found in two distinct forms. The 5’
flanking region from genomic clone 8 shares considerable homology in several regions with the human and mouse VDR
promoters. Moreover, the 5" flanking region of chicken VDR gene possesses promoter activity, as shown by its ability to
drive the luciferase reporter gene in cell transfection assays. Like other steroid receptor promoters, the chicken VDR
promoter contains no TATA box but possesses several GC boxes or SP1 sites. A series of deletional promoter constructs
established that the proximal GC boxes are the major drivers of gene transcription, while the more upstream sequences

have repressive elements. J. Cell. Biochem. 77:92-102, 2000.

© 2000 Wiley-Liss, Inc.

Key words: VDR; gene transcription; tissue-specific expression

The vitamin D receptor (VDR) is a central
component of the vitamin D endocrine system
maintaining calcium and phosphorus homeosta-
sis in the body [Darwish and DelLuca, 1996;
DeLuca and Zierold, 1998]. As a member of the
nuclear hormone receptor superfamily, VDR has
a highly conserved DNA binding domain com-
posed of two zinc fingers, a variable hinge re-
gion, and a well-conserved ligand binding do-
main [Christakos et al., 1996; Mangelsdorf et
al., 1995; Perlmann and Evans, 1997]. So far
VDR has been cloned from three mammalian
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species, rat [Burmester et al., 1988a,b], human
[Baker et al., 1988], and mouse [Kamei et al.,
1995]; two avian species, chicken and Japanese
quail [Elaroussi et al., 1994; Lu et al., 1997];
and one amphibian species, Xenopus laevis [Li
et al., 1997a]. The importance of VDR is clearly
demonstrated by VDR knock-out experiments
[Li et al., 1997b; Yoshizawa et al., 1997] and
vitamin D-dependent rickets type II [Hawa et
al., 1996; Whitfield et al., 1996; Wiese et al.,
1993], To carry out its function, VDR must first
bind its ligand and, together with the retinoid
X receptor (RXR), bind to the vitamin D re-
sponse elements (VDRESs) in the promoters of
the target genes [Lin et al., 1996; Mangelsdorf
and Evans, 1995; Mangelsdorfet al., 1995; Mun-
der et al., 1995; Ross et al., 1992]. VDRESs have
been discovered in many genes, including (1)
25-OH-D; 24-hydroxylase [Chen and DeLuca,
1995; Ohyama et al., 1996; Zierold et al., 1994,
1995]; (2) PTH/PTHrP [Demay et al., 1992b;
Kremer et al., 1996; Liu et al., 1996]; (3) cal-
cium binding protein 9k or 28k, osteocalcin,
osteopontin [Darwish and DeLuca, 1992; De-
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may et al., 1992a; Noda et al., 1990; Takeda et
al., 1994]; and (4) interleukin-2 (IL-2), IL-8, and
granulocyte-macrophage colony-stimulating fac-
tor (GM-CSF) [Alroy et al., 1995; Harant et al.,
1997; Towers and Freedman, 1998].

Of great interest is the regulation of the
vitamin D receptor itself. Many factors includ-
ing calcium, 1,25(0H),D;, parathyroid hor-
mone (PTH), growth hormone (GH), glucocorti-
coid, and estrogen have been reported to alter
VDR levels or its mRNA [Brown et al., 1995;
Chen et al., 1997; Denda et al., 1996; Ishibe et
al., 1995; Lee et al., 1991; Sandgren and De-
Luca, 1990; Solvsten et al., 1997; Strom et al.,
1989; Uhland-Smith and DeLuca, 1993]. The
mechanisms of VDR regulation remain unde-
fined except for VDR protein stabilization by its
ligand [Arbour et al., 1993; Santiso-Mere et al.,
1993; Wiese et al., 1992]. To understand VDR
regulation clearly at the transcriptional level,
the VDR gene and its promoter must be cloned.
This effort has been largely hampered because
of inadequate information on the 5’ end se-
quence of the VDR ¢cDNA [Hughes et al., 1988].
Previously we reported cloning the full-length
chicken VDR ¢DNA, including more 5’ end se-
quence [Lu et al., 1997]. While the work on
chicken VDR gene and its promoter neared
completion, VDR gene promoters for human
and mouse have been cloned [Jehan and De-
Luca, 1997; Miyamoto et al., 1997]. This article
reports the organization of the chicken VDR
gene at the 5’ end and its promoter.

MATERIALS AND METHODS
Determining the 5’ End Sequence of VDR cDNA

A \ gt1l +D kidney library constructed by
both oligo(dT) and random primer methods was
extensively screened [Lu et al., 1997]. A 200-
base pair (bp) region corresponding to the known
5" end sequence of cVDR ¢cDNA was amplified
by polymerase chain reaction (PCR) with a set
of primers covering this region. The 200-bp
PCR product was separated and excised from
the agarose gel for 32P probe preparation by
random labeling (Promega, Madison, WI). About
1,000,000 plaques grown on an Escherichia coli
lawn of Y1090 strain were screened. Pure posi-
tive phage clones were further analyzed. The
cDNA inserts excised from the phage DNA by
EcoRI digestion were transferred into Blue-
script (BS) plasmid for sequencing.

Genomic Library Screening

A chicken genomic library constructed from
chicken liver DNA was purchased from Clon-
tech (Palo Alto, CA). This EMBL3 library with
an actual titer of 1.5 X 101° pfu/ml was probed
with a 500-bp fragment corresponding to the 5’
end sequence of the cDNA. Specifically, phage
plaques were grown on 150-mm plates of E. coli
k802 strain. Plaques were then transferred onto
Hybond-N nylon membranes (Amersham, Ar-
lington Heights, IL) for DNA denaturation, and
ultraviolet (UV) cross-linking. After overnight
prehybridization at 42°C in the buffer contain-
ing 50% formamide, 6 X SSPE, 5X Denhardt’s
solution, 0.1% sodium dodecyl sulfate (SDS),
and 100 pg/ml salmon sperm DNA, the lifted
membranes were hybridized with the VDR
probe labeled with 32P by random primer method
(Prime-a-Gene kit, Promega). After overnight
hybridization, membranes were washed in suc-
cessively stringent solutions: 2X SSC, 0.05%
SDS, 25°C, 15 min; 1X SSC, 0.1% SDS, 60°C, 1
h, twice; and finally 0.2X SSC, 0.1% SDS, 60°C,
15 min. The membranes with desirable back-
grounds were exposed to Kodak X-OMAT AR
film at —70°C with an intensifying screen. Posi-
tive phage plaques were picked up by Pasteur’s
pipettes and released into SM phage buffer.
Subsequent two or three more rounds of plating
and screening produced pure genomic clones
for further analysis.

Subcloning, Restriction Mapping, and Sequencing

The positive genomic clones were used to
prepare A phage DNA by Wizard® lambda preps
kit (Promega). Xhol digestion of the phage DNA
gave rise to genomic fragments subsequently
subcloned into pBluescript SK™ plasmid. The
BS plasmid with an 18.6-kb VDR genomic in-
sert was analyzed by extensive restriction diges-
tions with many enzymes, including BamHI,
Sacl, Smal, Pstl, and Xhol. To locate the exon
positions within the genomic fragments, South-
ern blots were also performed with several oli-
gonucleotide probes corresponding to the VDR
cDNA sequences in the 5’ to 3" direction. The
exon-intron borders were further determined
by direct sequencing. The 5’ flanking region of
exon 1, which represents the putative promoter
region of chicken VDR gene, was revealed by an
ALF® DNA sequencer. All sequence data pro-
cessing and analysis were done on the GCG



94 Lu etal.

computing platform supported by the Genetics
Computer Group (Madison, WI).

Primer Extension

Antisense primers corresponding to bases
+80 to +46 (Luc 67), +115 to +81 (CCV 1), and
+95 to +61 (CCV 2) of the chicken VDR ¢cDNA
sequence were synthesized by IDT (Coralville,
TA) as follows:

1. Luc 67: 5" ACT GTT GGA GGA CCG CAG
ACA GGT CGG GTC GGCAG 3’

2. CCV1: 5" TGG AGA TGC CAG ACT GGA
GGCACT CCCAGC GTC CG 3’

3. CCV2: 5’ CAC TCC CAG CGT CCG ACT
GTT GGAGGACCG CAGAC 3’

All extension primers were end-labeled with T4
polynucleotide kinase by y32P-ATP. 5 ng of
poly(A)* RNA from chicken intestine were
mixed with 100 fmol of 3?P-labeled primers in
1X primer extension buffer provided by the
Primer Extension System-AMYV Reverse Trans-
criptase kit (Promega). The primer-RNA mix-
tures were heated to 65°C for 20 min and gradu-
ally cooled to room temperature for specific
hybridization. The annealed primers were then
extended by AMV reverse transcriptase at 42°C
for 1 h. After completion of the reaction, samples
were mixed with an equal volume of loading
dye and analyzed on a denaturing 8 M urea, 8%
polyacrylamide sequencing gel. Also included
were the $X174 Hinfl DNA markers and a
control reaction supplied by the Promega kit.

Reporter Constructs

The 5’ end flanking region of exon 1 was
transferred into the pGL2-basic reporter plas-
mid (Promega) containing the firefly luciferase
gene. The 6.5-kb construct defined by two conve-
nient BamHI sites includes 149 bp of intron 1,
the entire exon 1 (27 bp), and the rest of 5’ end
flanking region. In addition, the 6.5-kb genomic
fragment was inserted into pBluescript for ma-
nipulations later on. Smal digestion of the
6.5-kb construct and subsequent insertion of
the Smal fragment (3.7 kb) into the pGL2-basic
plasmid in right direction generated the 4.2-kb
construct. PstI digestion of the 6.5-kb construct
gave rise to the 1-kb construct. A second series
of reporter constructs were made by use of the
Haell site inside exon 1. The previous 1-kb
construct deleted the intron 1 sequence and
part of the exon 1, produced the new 800-bp

construct. Sacl, Smal, and Banl digestions
shortened the construct to 590, 270, and 134 bp,
respectively. To extend the construct, the imme-
diate upstream Sacl fragment of 1,710 bp was
added back to the 590-bp construct in right
direction so as to create the 2.3-kb construct.
Finally, elimination of a 1.2-kb fragment from
the 2.3-kb construct resulted in the 1.1-kb con-
struct. As a result, two series of deletional con-
structs were made. The first series of constructs
with some intron 1 sequence are 6.5, 4.2, and 1
kb. The second series of constructs with only 16
bp exon 1 sequence are 2.3 kb, 1.1 kb, 800 bp,
590 bp, 270 bp, and 134 bp.

Cell Preparation and Culture

COS-1 cells (green monkey kidney cell line)
were maintained at 37°C, 6% CO in Dulbecco’s
modified Eagle’s medium (DMEM) with 10%
fetal calf serum (FCS). Typically the six-well
plates seeded with cells from the master plate
took 16—18 h to reach 70—-80% confluency.

Transient Transfection and Luciferase Assay

Cells grown in six-well plates to a subconflu-
ent state were transfected with plasmid DNA
by the lipofectin reagent (1 mg/ml, Gibco-BRL).
For cells in one well, 3 ul of lipofectin resus-
pended in 100 pl medium for 30 min was mixed
with 1 pg reporter plasmid DNA in 100 pl
medium. After 10-min incubation, the DNA-
lipofectin mixture was brought up to 1 ml and
delivered to the cells in one well. Cells trans-
fected for 14-16 h were supplied with fresh
medium containing 10% FCS and incubated for
additional 48 h before harvesting. The har-
vested cells were washed in phosphate-buffered
saline (PBS), pH 7.4, and lysed in 100 nl lysis
buffer (1% Triton X-100, 25 mM Tris-phos-
phate, pH 7.8, 2 mM dithiothreitol, 2 mM CDTA,
and 10% glycerol). For determination of lucifer-
ase activity, 14 pl of lysate was mixed with 100
ul of luciferase assay reagent (20 mM Tricine,
1.00 mM (MgCO;),Mg(OH), - 5H,0, 2.70 mM
MgSO,, 0.1 mM EDTA, 1 mM dithiothreitol,
270 uM acetyl CoA, 470 uM D-luciferin, and
526 uM ATP). Luminescence was measured for
10 s in the luminometer Monolight® 2010 (Ana-
Iytical Luminescence Laboratory, San Diego,

CA).
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RESULTS

Determination of the 5’ End Sequence of the
Chicken VDR Transcript

The +D chicken kidney ¢cDNA library was
screened to produce many independent clones
of VDR sequences (Fig. 1). While the origin of
the extra variable 5’ ends remains uncertain,
the consensus sequence clearly delineates the
5’ terminus of the ¢cVDR cDNA. Moreover,
primer extension assay was carried out to deter-
mine the +1 site for VDR gene transcription
(Fig. 2). Three 35mer primers were used in the
reverse transcription with 5 pg poly(A)™ RNA
from the chicken intestine. With all three prim-
ers, extension products were made in doublets
with three nucleotides (nt) apart. The lengths
of the primer extension products are 78 nt and
81 nt for Luc 67; 114 nt and 117 nt for CCV 1;
and 94 nt and 97 nt for CCV 2. Since the
distances between the downstream primers and
the first base of the consensus sequence are 80,
115, and 95 bp, respectively, it is obvious that
transcription of the chicken VDR gene starts

from the very beginning of the consensus se-
quence (Fig. 1).

Cloning the Chicken VDR Gene

With the confirmation of the 5’ end sequence
of the cDNA, chicken VDR genomic clones were
isolated. While clones 6 and 19 have down-
stream exons and introns, clone 8 of a 18.6-kb
genomic fragment has two new cVDR exons,
intron 1, and part of intron 2 (Fig. 3). The
restriction map was constructed by extensive
restriction digestion coupled with Southern blot
analysis with specific oligo probes (Fig. 3A).
Partial sequencing of this genomic clone estab-
lished the exon-intron borders, which agree well
with the GT. . .AG rule of the 5’ and 3’ splice
sites. In the human VDR gene recently re-
ported by Miyamoto et al. [1997], two addi-
tional 5’ exons were also found and named 1A
and 1B, with 1C for the original exon 1, in line
with the previous nomenclature of the human
VDR gene [Hughes et al., 1988]. Most signifi-
cantly, exons 1, 2, and 3 of the chicken VDR

1 50
4
D10 a gggt acaatg
Un2/ D2
Unl gccgegeeceg cactgccagc agcacccgca ggcgtcccge acccggecca
51 100
4
D10 tggggggagg ggcccagcag ggacaggaga gct gggggaa gggcgggat g
Un2/ D2 t gtgcccttaa tttatattaa
Unl gcgggcagec ccgcggcgge agcgccggge accgcegccge at cgcacggce
101 150
4
D10 agggtggtgy agtgggcaag gttgtgggtg aggattgcag aggcagct gg
Un2/ D2 ttttttgtaa gtagatcata aagacaatct gtgcagcaag at gacagttt
Unl ccgcaacccc ccagetccgt caccgccacc acggcggcge cagcagcgcec
151 200 / 33
4 ~—~ G OGCTGCGAGT GCAGGAACGC
D10 atgggcgggg 999gggg GGA GEEGTGEOEG CGCTGEGAGT GCAGGAACGC
Un2/ D2 gcctttattc agttttt GGA GEEGTCEOGG CGCTGCGAGT GCAGGAACGC
Unl aacaaccaca gcaccga GGA GOSGTGEOGG OGCTGGEAGT GCAGGAACGC
34 83
Fig. 1. 5’ end consensus sequence for C4 CCOACTGEGAG CTCTGOCGAC OCGACCTGIC TGOGGTOCTC CAACAGTCGG
the chicken VDR cDNA. Uppercase D10 CCCECTGEGAG CTCTGOCGAC CCGACCTGIC TGOGGTOCTC CAACAGTCGG
and underlined sequence is obtained Un2/ D2 CCGCTGEGAG CTCTGOCGAC COCGACCTGIC TGOGGTCCTC CAACAGICGG
by [|n[ng up four independent cDNA Unl CCQCTGEGAG CTCTGOCGAC CCGACCTGIC TGOGGTOCTC CAACAGICQG
clones. While the consensus sequence >
represents the true cVDR sequence, Lucer CCv2 gCVl
the origin of variable 5’ ends remains
uncertain. Arrows represent primers 84 133
cVDR ACCCTGEGAG TGCCTCOCAGI CTGECATCTC CATGTCTGAG CTCCGEEECT

used in primer extension assays as de-
scribed under Materials and Methods.
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Fig. 2. Primer extension analysis of the chicken VDR tran-
scripts. Poly(A)™ RNA prepared from the chicken intestine was
used in the extension experiments. Primer Luc 67, CCV 1, and
CCV 2 were designed from the beginning of the consensus
sequences by 80, 115, and 95 bp, respectively. Molecular-
weight markers (MWM) indicate the sizes of the extension
products.

gene share low homology with exons 1A, 1B, 1C
of the human counterpart. By contrast, exon 4,
and thereafter exons for the coding region, are
highly similar to exon 2 and following exons in
human. While the translation start site ATG is
located in exon 2 in the human VDR gene, this
sequence is also conserved in exon 4 in chicken;
exon 3 of the chicken VDR gene has two more
upstream inframe ATG sites for initiating pro-
tein translation (Fig. 3C).

Characterization of the Chicken VDR Gene
Promoter

In front of exon 1 of the chicken VDR gene,
the genomic clone 8 has a 7-kb 5’ flanking
region, which is evidently the gene promoter, as
proved by several observations. First, there are
no more upstream exons, since the 5’ end se-
quence of the cDNA is exhausted. Second, the
putative promoter of the chicken VDR gene
shares considerable homology in several re-

A Exonl Exon2
XB S P SHB ” B S B X
[ 1 1 Ul | 1 1 |
Promoter U Intronl I Intron2

1kb

B Exon size 5’ exon boundary

1 27bp GAGTGCA Ggtaacgggct
2 79bp CCAGTCTGgtgggttccg

- |
S EL S
T H ﬁ

3’ exon boundary

tegttgeccagGAACGCC
cttcttgcagGCATCTCC

Chicken

Mouse
L

Fig. 3. Genomic organization of the chicken VDR gene. A:
Restriction map of the 18.6-kb genomic fragment from Clone 8.
The promoter region, exon 1, intron 1, exon 2, and part of intron
2 are illustrated. B, BamHl; P, Pstl; S, Smal; X, Xhol. B: The 5’
exon and intron borders are in agreement with the gt. . .ag
general rule for the exon-intron boundary. C: Comparison of the
5' exon organization of the VDR gene from chicken, human,
and mouse. The first three exons are poorly conserved between
species. Two extra in frame ATG sites are gained in exon 3 of the
chicken VDR gene. The fourth exon with the conventional ATG
site is well conserved across the species.

gions with the VDR promoters found in human
and mouse (Fig. 4). Third and also the most
critical proof is that the putative promoter is
capable of driving reporter gene expression.
About 1.2 kb of the chicken VDR promoter
region was sequenced (Fig. 4). It shows that
this promoter does not have a TATA box, or a
CAAT box; instead, it has several GC boxes/SP1
sites. Interestingly, the GC boxes/SP1 sites are
conserved in the VDR promoters across species.
An AP2 site is also present in the chicken VDR
promoter. So is a site for binding to Krox-20,
which is a transcriptional factor involved in
bone remodeling and brain development [Le-
maire et al., 1990].

Functional Analysis of the Chicken VDR
Promoter

Transient transfections of COS-1 cells demon-
strated that this 5’ flanking region can actively
drive the transcriptional expression of lucifer-
ase reporter gene (Fig. 5). When the 6.5 kb
inverted in front of the luciferase gene (—6.5
kb), the promoter activity is minimum as shown
by the luciferase assay. The +6.5-kb construct
with the right direction in relation to the re-
porter gene elicits more than threefold activity
as that of the —6.5-kb construct. Deletion of
upstream sequences in the 4.2-kb and 1-kb
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CAGGGCAGCC ACACCCCACC TGCAGTCCCT GACCCCCAAA CATGTGAGGEG
GGEGGTGAGCG GAGAGT CCAA GCAGACTGGA GGCTGCAAAC AGCCCCGACT
CAGATGTTTC TGICTCTGGT CTGGAGGAAG GGGATGAATC AGCTCTCCTT
GATGCAATCA GGGAGAGGAA CTGCTAGICT GCAGCGGCAG CTCTTCT GGG
AGGOGTATAA ATGAAATGAA TTTCATTTGC CAGGTGATGA ATGCAGCTCT
CTCTGAGCCA CTGCCAGCTC TGTAGACAGG GCCATGTGAC ACCTGAGCTT

Sacl
CTCAAGAGCT CTTATAACAG CGAGATGITT GCCCAGGACT TCTGGGAGSG

AGGCCAGGAG GAAGCAAAAC TGCATGOCCC ACTGCACTTC CTAGAGTIGIC

GCAGCAGCAG CTGCOCAGAA GCCCCTGGCA GAGCATAGGG CACCCCACAA
AP2 | Smal
TGOCGOGCTG CCGOCTTCTG GAGTOCCOGG GCOGGCAGCC ACGT GCAATC

CATTGCACGG
GCTGEGAGCC
CTGCCCTTAA
TGTAGICCYA
TGCTCCCAGT
CCAGAACGCCA
CACTGTTGTA
TGTGTCCCCA
GGCTCAGGCG

SP1
TOCCGCCAGC

SP1

ACCTTATATG GTAACGGTAG GCGGTGTCCG GGCGGGTTCA COCCTTCGEG _GOGGTGGOCG

SP1 SP1

GTGGOGGAGA GEGEECGTGG CGAGGGAGGG GGCGEGGATGC GGAGCGECGSE TTCCGICAAA

Intron 1

BamH

ggggargagg tcgcagttct ggtggttgcg gggggcttct atggggactc ttcggtgtag aaggggatcc

97

GCTCAGCTCA CGI'GCAGGAT CTGGAGCCCC
CACACTGATC CTTGIGCATG GAGITGTGCT
TCTGATCTAG GCATCAGAAA AATCCATGAA
AAAACGGGAG AGGATGGAGA CCAGCTCTGC
ACACAGOGGA TTGTTACTTA GAACTCCGGA
CCAGAGCAAA GGTGAAACAC TGCOGGGGACA
CTGGTGGAGT TTGCTCAGIC CGGTAAGCAG
AAAATGCCAG GCAGCAGCAC CCCAAAAGCT
GGGAGCAGCA CAGGCAGAAG CTGGGTCGAA
CCACACCACG CCCATAGIGG GGECCTTTAC
A@A@III’ éﬁc GCGITGICAT TGGTGGECCG
GCBox/SP1
AGGOGGCTCC GGEECEEAGE GGA GGG

Exon 1
gagacagctt cgtatcaatg tcagattgtg

1065 TGGCCGAGGAGGTGCCGCGTTGTCATT GG GGECe GGGRAGGECGTGG 1114
L] 111 [ 11 (L T e
Human 1405 TGGCAAGAGAGGACT GGACCT GT GEECGEEECEET 1454
CEF  TEEEEr e et IIIIIIIIIIII I
Mouse 1368 GGCCTTCAGAGGACTGAACTTGTGEECGTGGT TGAGGGECAGEECGGTCC 1418
Chi cken 1115 CGGAGAGEEEECGT GECGAGGGAGEEEECEEGATGCGGAGCGECEGTTCC 1164
(LE T T CELE T T el ||
Human 1455 COCGEECEEEECCT GACCGAGAGGCEEGEECCAGGTGCTGEECTGICTCTGC 1504
CEETTETTEEET IIIIIIIIIIIIIIIIIIIIIIIIIIII
Mouse 1419 GEGCGECGEEECCTTCL. . GEEEECEEEECCAGGT! GICTCTGC 1466
Pronot er sequence
Chi cken 1165 .. GTCAAAAGGECGECT CCEEEGECEEAGEEGAGEEAGGEGTGECEEC GCT 1211
I I T e e .
Human 1505 TTGICAAAAGGCGGECAGCCGGAGCCGT GT GCCGCCGEGAGCGEGAACAGCT 1554
CECPLTTEEEeE et 11 [ (111
Mouse 1467 TTGICAAAAAGCT GCTGCCGAGCCCTAAGCACGEGAAGCGCCGACCTGTG 1516
Exon 1
Chi cken 1212 GEGAGICCAG. .. . oo v e 1221
I ||
Human 1555 TGICCACCCGCCGECCGGACCAG 1577
CLEEETEE 1l I
Mouse 1517 TGICCACCGCCAGACCAGGTGCG 1539

Fig. 4. The promoter for the chicken VDR gene. A: Promoter sequences of the chicken VDR gene show several GC
boxes/SP1 sites, a Krox-20 site, and an AP-2 site. Restriction sites used for deletional promoter constructs are also
indicated. B: The chicken, human, and mouse VDR promoter sequences are compared in the proximal region
immediately upstream of the first exon. The proximal region and several other upstream regions in the VDR promoters

are highly conserved across species.

constructs resulted in even higher activity. To
better define the chicken VDR promoter, we
made a second series of constructs without any
intron 1 sequence (Fig. 5A). Deletion of the
intron 1 and part of the exon 1 sequence from

the previous 1-kb construct generated the new
800 bp construct with a 3—4-fold increase of the
luciferase activity. From the pattern of the lucif-
erase activity elicited by constructs 2.3 kb, 1.1
kb, 800 bp, 590 bp, 270 bp, and 134 bp, it is
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Fig. 5. Functional analysis of the chicken VDR promoter. A:
Underlined promoter constructs (—/+ 6.5 kb, 4.2 kb, and 1 kb)
include some intron 1 sequence and the entire exon 1. The
second series of promoter constructs are defined by the Haell
site inside exon 1 and upstream promoter sequences. B: Trans-
fection assays in COS-1 cells. 1 pg construct plasmid DNA was
introduced into the cells by lipofectin and luciferase activity
was assayed after 48 h post-transfection. All values were calcu-
lated from triplicate experimental data.

possible that there exist some suppressive re-
gions from —2.3 kb to —800 bp and from —590
bp to —134 bp (Fig. 5B). Likewise, some activat-
ing element may lie between —800 bp to —590
bp. Notably, the 134-bp construct showed the
highest activity. Therefore, the proximal GC
boxes/SP1 sites are the major elements to drive
gene expression in the chicken VDR promoter
while the two distal SP1 sites contribute to the
promoter activity slightly.

DISCUSSION

In the current research, the 5 end ¢cDNA
sequence of chicken VDR has been elucidated.

Although the unknown sequences at the 5" end
of the ¢cDNA prevented our cloning the VDR
promoter, the consensus sequence derived from
several independent cDNA clones has enabled
us to define the genomic organization at the 5’
end and successfully isolate the promoter for
the chicken VDR gene. An extra unknown se-
quence at the 5’ end of the chicken VDR ¢cDNA
was also observed in a clone from a N ZAP
chicken kidney library. In search of mouse VDR
isoforms, variable 5’ cDNA ends were reported
[Ebihara et al., 1996]. The source of these extra
unknown sequences at the 5’ end of a cDNA
needs to be addressed. Using the Blast search
program for nucleotide sequence, the 128-bp
sequence from the cDNA clone 10 exactly
matched a part of the cDNA sequence of chicken
major histocompatibility complex (MHC) class
I B-FIV-B12 a-chain gene from 4018 to 3960 in
the antisense direction [Altschul et al., 1997].
Consequently, the VDR ¢cDNA with an un-
known 5’ end may be an artifact by combining
the VDR c¢cDNA fragment with an unknown
cDNA fragment in the sense or antisense direc-
tion. The combination process leading to the
artifact likely occurred at the step of ligating
cDNA fragments with the short adapter se-
quences during the construction of the cDNA
library.

From the chicken VDR gene, we retrieved
three small 5’ exons interspersed within exceed-
ingly large introns. While the mammalian ATG
site for protein translation is located in the
fourth exon (exon 2 in human), the avian spe-
cies has two more upstream ATG sites in the
third exon (exon 3 in chicken versus exon 1C in
human). Two forms of chicken VDR protein
result from the two ATG sites in exon 3 due to
leaky translation (Lu et al., 1997). Although the
mammalian VDR has a much longer transcript
than that of avian (4.4 kb vs 2.7 kb), the avian
VDR has a coding sequence with a long N-
terminus [Baker et al., 1988; Burmester et al.,
1988b]. Interestingly, the VDR has a very short
A/B domain 5’ to the DNA binding domain as
compared with A/B domains of 100—300 amino
acids in other nuclear hormone receptors such
as RAR, TR, and GR [Mangelsdorf et al., 1995].
It is known that A/B domain is responsible for
the activation function (AF-1) in the absence of
ligand [Lees et al., 1989]. While the mamma-
lian VDR has a short A/B domain of about 20
amino acids, the avian VDR has a larger A/B
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domain: 42 amino acids for Form A protein and
28 amino acids for Form B. Recently, human
VDR gene polymorphism at the two adjacent
consecutive ATG sites has been reported to be
related to bone mineral density Arai et al.,,
1997; Gross et al., 1996]. T to C change in the
first ATG site makes the second ATG site lo-
cated two codons downstream accessible. Indi-
viduals using the second ATG site (mm allele)
produce a two-amino acid-short VDR protein
with a better transactivation function and also
have a higher bone mineral density than those
using the first ATG site (MM allele).

The physiological features of avian species
such as aviation skeleton, feathers, and egg-
shell may be related to the distinct avian VDR
gene. Certainly it is of interest to investigate
the functional difference of two forms of chicken
VDR. In the evolution of avian and mammalian
species adapting to distinct ecological niches,
the first three 5’ exons, especially the third
exon of the VDR gene, have undergone substan-
tial changes as shown by low homology between
species. Nevertheless, the following exons start-
ing from the fourth are highly conserved be-
tween these two classes of animals. The highly
conserved DNA binding domain and ligand bind-
ing domain of avian and mammalian VDRs
reflect the constraint and essence of the vita-
min D endocrine system [DeLuca, 1988,
1992].

The promoter for the chicken VDR gene does
not bear a TATA box but possesses several GC
boxes/SP1 sites, which are the typical features
of the steroid receptor promoters [Encio
and Detera-Wadleigh, 1991; Huckaby et al.,
1987]. Two distinct promoters are present in
the human progesterone receptor gene to pro-
duce two classes of hPR mRNA [Kastner et al.,
1990]. Differential splicing of some exon(s) in
the single VDR pre-mRNA can certainly lead to
multiple forms of mature VDR mRNA. It is
interesting to note two VDR transcripts (2.2 kb
and 1.8 kb) in the amphibian species, Xeno-
pus laevis [Li et al., 1997a]. At the translational
level, alternative ATG sites can be used to pro-
duce two forms of VDR proteins in the chicken
[Lu et al., 1997]. Despite of these minor modifi-
cations at the RNA processing and transla-
tional levels, distinct major subtypes present in
other nuclear hormone receptors, such as RAR
o, B,v, RXR o, B, v, ER o, B, TR «, and B are not
applicable to the VDR gene [Paech et al., 1997;

Pemrick et al., 1994; Sjoberg and Vennstrom,
1995].

Transfection assays demonstrated that the
promoter for the chicken VDR gene is able to
drive expression of the luciferase reporter gene.
Further deletional analysis indicated that the
proximal GC boxes/SP1 sites in the promoter
are the strong elements to drive gene expres-
sion, while the more upstream promoter se-
quence negatively modulates the expression of
the gene. Isolation of the VDR promoter from
three species will enable direct studies on the
transcriptional regulation of the VDR gene.
Many hormones, such as glucocorticoid, estro-
gen, PTH, and GH, and other factors may regu-
late VDR gene at the transcriptional level
[Brown et al., 1995; Chen et al., 1997; Pierce
and DeLuca, 1988; Reinhardt and Horst, 1990],
yet not a single agent has been found to modu-
late the gene promoter definitely in an on/off
manner. Perhaps the most important regula-
tion of the VDR gene is reflected by its develop-
mental and tissue-specific expression [Halloran
and DeLuca, 1981; Lee et al., 1991]. In the
intestine of infant rats, VDR can only be de-
tected around weaning [Huang et al., 1989]. It
will be of great interest to identify the DNA
elements responsible for this temporal and spa-
tial expression in the VDR promoter.

ACKNOWLEDGMENTS

We thank Jean Prahl for her technical sup-
port on cell cultures and Pat Mings for her
editorial efforts. Valuable suggestions from Dr.
Margaret Clagett-Dame during the course of
this research are also greatly appreciated.

REFERENCES

Alroy I, Towers TL, Freedman LP. 1995. Transcriptional
repression of the interleukin-2 gene by vitamin Dj: direct
inhibition of NFATp/AP-1 complex formation by a nuclear
hormone receptor. Mol Cell Biol 15:5789-5799.

Altschul SF, Madden TL, Schaffer AA, Zhang J, Zhang Z,
Miller W, Lipman DJ. 1997. Gapped BLAST and PSI-
BLAST: a new generation of protein database search
programs. Nucleic Acids Res 25:3389-3402.

Arai H, Miyamoto K, Taketani Y, Yamamoto H, Lemori Y,
Morita K, Tonai T, Nishisho T, Mori S, Takeda E. 1997. A
vitamin D receptor gene polymorphism in the translation
initiation codon: effect on protein activity and relation to
bone mineral density in Japanese women. J Bone Miner
Res 12:915-921.

Arbour NC, Prahl JM, DeLuca HF. 1993. Stabilization of
the vitamin D receptor in rat osteosarcoma cells through
the action of 1,25-dihydroxyvitamin D3. Mol Endocrinol
7:1307-1312.



100 Lu et al.

Baker AR, McDonnell DP, Hughes M, Crisp TM, Man-
gelsdorf J, Haussler MR, Pike JW, Shine J, O’Malley BW.
1988. Cloning and expression of full-length cDNA encod-
ing human vitamin D receptor. Proc Natl Acad Sci USA
85:3294-3298.

Brown AJ, Zhong M, Finch J, Ritter C, Slatopolsky E. 1995.
The roles of calcium and 1,25-dihydroxyvitamin Dj in the
regulation of vitamin D receptor expression by rat para-
thyroid glands. Endocrinology 136:1419-1425.

Burmester JK, Maeda N, DeLuca HF. 1988a. Isolation and
expression of rat 1,25-dihydroxyvitamin D3 receptor
c¢DNA. Proc Natl Acad Sci USA 85:1005-1009.

Burmester JK, Wiese RJ, Maeda N, DeLuca HF. 1988b.
Structure and regulation of the rat 1,25-dihydroxyvita-
min Dj receptor. Proc Natl Acad Sci USA 85:9499-9502.

Chen C, Noland KA, Kalu DN. 1997. Modulation of intesti-
nal vitamin D receptor by ovariectomy, estrogen and
growth hormone. Mech Aging Dev 99:109-122.

Chen KS, DeLuca HF. 1995. Cloning of the human 1a,25-
dihydroxyvitamin D-3 24-hydroxylase gene promoter and
identification of two vitamin D-responsive elements. Bio-
chim Biophys Acta 1263:1-9.

Christakos S, Raval-Pandya, M, Wernyj RP, Yang W. 1996.
Genomic mechanisms involved in the pleiotropic actions
of 1,25-dihydroxyvitamin D3 [published erratum appears
in Biochem J 1996: 15;318(Pt 3):1079]. Biochem J 316(Pt
2):361-371.

Darwish HM, DeLuca HF. 1992. Identification of a 1,25-
dihydroxyvitamin Ds-response element in the 5'-flanking
region of the rat calbindin D-9k gene. Proc Natl Acad Sci
USA 89:603-607.

Darwish HM, DeLuca HF. 1996. Recent advances in the
molecular biology of vitamin D action. Prog Nucleic Acids
Res Mol Biol 53:321-344.

DeLuca HF. 1988. The vitamin D story: a collaborative
effort of basic science and clinical medicine. FASEB J
2:224-236.

DeLuca HF. 1992. Remembrance: discovery of the vitamin
D endocrine system. Endocrinology 130:1763.

DeLuca HF, Zierold C. 1998. Mechanisms and functions
of vitamin D. Nutr Rev 56(2 Pt 2):S4-10; discussion
S54-75.

Demay MB, Kiernan MS, DeLuca HF, Kronenberg HM.
1992a. Characterization of 1,25-dihydroxyvitamin D3 re-
ceptor interactions with target sequences in the rat osteo-
calcin gene. Mol Endocrinol 6:557-562.

Demay MB, Kiernan MS, DeLuca HF, Kronenberg HM.
1992b. Sequences in the human parathyroid hormone
gene that bind the 1,25-dihydroxyvitamin D3 receptor
and mediate transcriptional repression in response to
1,25-dihydroxyvitamin Ds. Proc Natl Acad Sci USA 89:
8097-8101.

Denda M, Finch J, Brown AJ, Nishii Y, Kubodera N, Slato-
polsky E. 1996. 1,25-Dihydroxyvitamin D3 and 22-
oxacalcitriol prevent the decrease in vitamin D receptor
content in the parathyroid glands of uremic rats. Kidney
Int 50:34-39.

Ebihara K, Masuhiro Y, Kitamoto T, Suzawa M, Uematsu Y,
Yoshizawa T, Ono T, Harada H, Matsuda K, Hasegawa T,
Masushige S, Kato S. 1996. Intron retention generates a
novel isoform of the murine vitamin D receptor that acts
in a dominant negative way on the vitamin D signaling
pathway. Mol Cell Biol 16:3393-3400.

Elaroussi MA, Prahl JM, DeLuca HF. 1994. The avian
vitamin D receptors: primary structures and their ori-
gins. Proc Natl Acad Sci USA 91:11596-11600.

Encio IJ, Detera-Wadleigh SD. 1991. The genomic struc-
ture of the human glucocorticoid receptor. J Biol Chem
266:7182-7188.

Gross C, Eccleshall TR, Malloy PJ, Villa ML, Marcus R,
Feldman D. 1996. The presence of a polymorphism at the
translation initiation site of the vitamin D receptor gene
is associated with low bone mineral density in postmeno-
pausal Mexican-American women [see comments]. J Bone
Miner Res 11:1850-1855.

Halloran BP, DeLuca HF. 1981. Appearance of the intestinal
cytosolic receptor for 1,25-dihydroxyvitamin D3 during
neonatal development in the rat. J Biol Chem 256:7338—
7342.

Harant HP, Andrew J, Reddy GS, Foglar E, Lindley IJ.
1997. 1a,25-dihydroxyvitamin D3 and a variety of its
natural metabolites transcriptionally repress nuclear-
factor-kappaB-mediated interleukin-8 gene expression.
Eur J Biochem 250:63-71.

Hawa NS, Cockerill FJ, Vadher S, Hewison M, Rut AR, Pike
JW, O'Riordan JL, Farrow SM. 1996. Identification of a
novel mutation in hereditary vitamin D resistant rickets
causing exon skipping. Clin Endocrinol 45:85-92.

Huang YC, , 19 S, Stolz R, Gabrielides C, Pansini-Porta A,
Bruns ME, Bruns DE, Miffin TE, Pike JW, Christakos S.
1989. Effect of hormones and development on the expres-
sion of the rat 1,25-dihydroxyvitamin D3 receptor gene.
Comparison with calbindin gene expression. J Biol Chem
264:17454-17461.

Huckaby CS, Conneely OM, Beattie WG, Dobson AD, Tsai
MJ, O’Malley BW. 1987. Structure of the chromosomal
chicken progesterone receptor gene. Proc Natl Acad Sci
USA 84:8380-8384.

Hughes MR, Malloy PdJ, Kieback DG, Kesterson RA, Pike
JW, Feldman D, O’Malley BW. 1988. Point mutations in
the human vitamin D receptor gene associated with
hypocalcemic rickets. Science 242:1702-1705.

Ishibe M, Nojima T, Ishibashi T, Koda T, Kaneda K, Rosier
RN, Puzas JE. 1995. 17 beta-estradiol increases the
receptor number and modulates the action of 1,25-
dihydroxyvitamin D3 in human osteosarcoma-derived os-
teoblast-like cells. Calcif Tissue Int 57:430—-435.

Jehan F, DeLuca HF. 1997. Cloning and characterization of
the mouse vitamin D receptor promoter. Proc Natl Acad
Sci USA94:10138-10143.

Kadonaga JT, Courey AJ, Ladika J, Tjian R. 1988. Distinct
regions of Spl modulate DNA binding and transcrip-
tional activation. Science 242:1566-1570.

Kamei Y, Kawada T, Fukuwatari T, Ono T, Kato S, Sugi-
moto E. 1995. Cloning and sequencing of the gene encod-
ing the mouse vitamin D receptor. Gene 152:281-282.

Kastner P, Krust A, Turcotte B, Stropp U, Tora L, Grone-
meyer H, Chambon P. 1990. Two distinct estrogen-
regulated promoters generate transcripts encoding the
two functionally different human progesterone receptor
forms A and B. EMBO J 9:1603-1614.

Kremer R, Sebag M, Champigny C, Meerovitch K, Hendy
GN, White J, Goltzman D. 1996. Identification and char-
acterization of 1,25-dihydroxyvitamin Ds-responsive re-
pressor sequences in the rat parathyroid hormone-
related peptide gene. J Biol Chem 271:16310-16316.



Chicken Vitamin D Receptor Gene and Its Promoter 101

Lee S, Szlachetka M, Christakos S. 1991. Effect of glucocor-
ticoids and 1,25-dihydroxyvitamin D3 on the developmen-
tal expression of the rat intestinal vitamin D receptor
gene. Endocrinology 129:396-401.

Lees JA, Fawell SE, Parker MG. 1989. Identification of two
transactivation domains in the mouse oestrogen recep-
tor. Nucleic Acids Res 17:5477-5488.

Lemaire P, Vesque C, Schmitt J, Stunnenberg H, Frank R,
Charnay P. 1990. The serum-inducible mouse gene
Krox-24 encodes a sequence-specific transcriptional acti-
vator. Mol Cell Biol 10:3456-3467.

Lemon BD, Fondell JD, Freedman LP. 1997. Retinoid X
receptor: vitamin D3 receptor heterodimers promote stable
preinitiation complex formation and direct 1,25-dihy-
droxyvitamin D3-dependent cell-free transcription. Mol
Cell Biol 17:1923-1937.

Li YC, Bergwitz C, Juppner H, Demay MB. 1997a. Cloning
and characterization of the vitamin D receptor from
Xenopus laevis. Endocrinology 138:2347-2353.

Li YC, Pirro AE, Amling M, Delling G, Baron R, Bronson R,
Demay MB. 1997b. Targeted ablation of the vitamin D
receptor: an animal model of vitamin D-dependent rick-
ets type II with alopecia. Proc Natl Acad Sci USA 94:9831—
9835.

Lin NU, Malloy PJ, Sakati N, al-Ashwal A, Feldman D.
1996. A novel mutation in the deoxyribonucleic acid-
binding domain of the vitamin D receptor causes heredi-
tary 1,25-dihydroxyvitamin D-resistant rickets. J Clin
Endocrinol Metab 81:2564-2569.

Liu SM, Koszewski N, Lupez M, Malluche HH, Olivera A,
Russell J. 1996. Characterization of a response element
in the 5’-flanking region of the avian (chicken) PTH gene
that mediates negative regulation of gene transcription
by 1,25-dihydroxyvitamin D3 and binds the vitamin Dg
receptor. Mol Endocrinol 10:206-215.

Lu Z, Hanson K, DeLuca HF. 1997. Cloning and origin of
the two forms of chicken vitamin D receptor. Arch Bio-
chem Biophys 339:99-106.

Mangelsdorf DJ, Evans RM. 1995. The RX R heterodimers
and orphan receptors. Cell 83:841-850.

Mangelsdorf DJ, Thummel C, Beato M, Herrlich P, Schutz,
G, Umesono K, Blumberg B, Kastner P, Mark M, Cham-
bon P, Evans RM. 1995. The nuclear receptor superfam-
ily: the second decade. Cell 83:835-839.

Miyamoto K, Kesterson RA, Yamamoto H, Taketani Y,
Nishiwaki E, Tatsumi S, Inoue Y, Morita K, Takeda E,
Pike JW. 1997. Structural organization of the human
vitamin D receptor chromosomal gene and its promoter.
Mol Endocrinol 11:1165-1179.

Munder M, Herzberg IM, Zierold C, Moss VE, Hanson K,
Clagett-Dame M, DeLuca HF. 1995. Identification of the
porcine intestinal accessory factor that enables DNA
sequence recognition by vitamin D receptor. Proc Natl.
Acad Sci USA 92:2795-2799.

Noda M, Vogel RL, Craig AM, Prahl J, DeLuca HF, Den-
hardt DT. 1990. Identification of a DNA sequence respon-
sible for binding of the 1,25-dihydroxyvitamin Ds recep-
tor and 1,25-dihydroxyvitamin D3 enhancement of mouse
secreted phosphoprotein 1 (SPP-1 or osteopontin) gene
expression. Proc Natl Acad Sci USA 87:9995-9999.

Ohyama Y, Ozono K, Uchida M, Yoshimura M, Shinki T,
Suda T, Yamamoto O. 1996. Functional assessment of
two vitamin D-responsive elements in the rat 25-hy-
droxyvitamin D3 24-hydroxylase gene. J Biol Chem 271:
30381-30385.

Paech K, Webb, P, Kuiper GG, Nilsson S, Gustafsson J,
Kushner PJ, Scanlan T'S. 1997. Differential ligand activa-
tion of estrogen receptors ERa and ER at AP1 sites [see
comments]. Science 277:1508-1510.

Pemrick SM, Lucas DA, Grippo JF. 1994. The retinoid
receptors. Leukemia 8:1797-1806.

Perlmann T, Evans RM. 1997. Nuclear receptors in Sicily:
all in the famiglia. Cell 90:391-397.

Pierce EA, DeLiuca HF. 1988. Regulation of the intestinal
1,25-dihydroxyvitamin D3 receptor during neonatal devel-
opment in the rat. Arch Biochem Biophys 261:241-249.

Reinhardt TA, Horst RL. 1990. Parathyroid hormone down-
regulates 1,25-dihydroxyvitamin D receptors (VDR) and
VDR messenger ribonucleic acid in vitro and blocks ho-
mologous up-regulation of VDR in vivo. Endocrinology
127:942-948.

Ross TK, Moss, VE, Prahl JM, DeLuca HF. 1992. A nuclear
protein essential for binding of rat 1,25-dihydroxyvita-
min D3 receptor to its response elements. Proc Natl Acad
Sci USA 89:256-260.

Sandgren ME, DeLuca HF. 1990. Serum calcium and vita-
min D regulate 1,25-dihydroxyvitamin D receptor concen-
tration in rat kidney in vivo. Proc Natl Acad Sci USA
87:4312-4314.

Santiso-Mere D, Sone T, Hilliard MT, Pike JW, McDonnell
DP. 1993. Positive regulation of the vitamin D receptor by
its cognate ligand in heterologous expression systems.
Mol Endocrinol 7:833-839.

Sjoberg M, Vennstrom B. 1995. Ligand-dependent and -in-
dependent transactivation by thyroid hormone receptor
beta 2 is determined by the structure of the hormone
response element. Mol Cell Biol 15:4718-4726.

Solvsten H, Svendsen ML, Fogh K, Kragballe K. 1997.
Upregulation of vitamin D receptor levels by 1,25(0H),
vitamin D3 in cultured human keratinocytes. Arch Derma-
tol Res 289:367-372.

Strom M, Sandgren ME, Brown TA, DeLuca HF. 1989.
1,25-Dihydroxyvitamin D3 up-regulates the 1,25-dihy-
droxyvitamin D3 receptor in vivo. Proc Natl Acad Sci USA
86:9770-9773.

Takeda T, Arakawa M, Kuwano R. 1994. Organization and
expression of the mouse spot35/calbindin-D28k gene:
identification of the vitamin D-responsive promoter re-
gion. Biochem Biophys Res Commun 204:889-897.

Towers TL, Freedman LP. 1988. Granulocyte-macrophage
colony-stimulating factor gene transcription is directly
repressed by the vitamin D3 receptor. Implications for
allosteric influences on nuclear receptor structure and
function by a DNA element. J Biol Chem 273:10338—
10348.

Uhland-Smith A, DeLuca HF. 1993. The necessity for cal-
cium for increased renal vitamin D receptor in response
to 1,25-dihydroxyvitamin D. Biochim Biophys Acta 1176:
321-326.

Whitfield GK, Selznick SH, Haussler CA, Hsieh JC, Galli-
gan MA, Jurutka PW, Thompson PD, Lee SM, Zerwekh
JE, Haussler MR. 1996. Vitamin D receptors from pa-
tients with resistance to 1,25-dihydroxyvitamin Ds: point
mutations confer reduced transactivation in response to
ligand and impaired interaction with the retinoid X
receptor heterodimeric partner. Mol Endocrinol 10:1617—
1631.



102 Lu et al.

Wiese RJ, Uhland-Smith A, Ross TK, Prahl JM, DeLuca
HF. 1992. Up-regulation of the vitamin D receptor in
response to 1,25-dihydroxyvitamin D3 results from ligand-
induced stabilization. J Biol Chem 267:20082—-20086.

Wiese RJ, Goto H, Prahl JM, Marx SJ, Thomas M, al-Aqeel
A, DeLuca HF. 1993. Vitamin D-dependency rickets type
II: truncated vitamin D receptor in three kindreds. Mol
Cell Endocrinol 90:197-201.

Yoshizawa T, Handa Y, Uematsu Y, Takeda S, Sekine K,
Yoshihara Y, Kawakami T, Arioka K, Sato H, Uchiyama
Y, Masushige S, Fukamizu A, Matsumoto T, Kato S. 1997.

Mice lacking the vitamin D receptor exhibit impaired
bone formation, uterine hypoplasia and growth retarda-
tion after weaning. Nature Genetics 16:391-396.

Zierold C, Darwish HM, DeLuca HF. 1994. Identification of
a vitamin D-response element in the rat calcidiol (25-
hydroxyvitamin D3) 24-hydroxylase gene. Proc Natl Acad
Sci USA 91:900-902.

Zierold C, Darwish HM, DeLuca HF. 1995. Two vitamin D
response elements function in the rat 1,25 dihydroxyvita-
min D 24 hydroxylase promoter. J Biol Chem 270:1675—
1678.



	MATERIALS AND METHODS  
	RESULTS  
	Fig. 1. 
	Fig. 2. 
	Fig. 3. 
	Fig. 4. 
	Fig. 5. 

	DISCUSSION  
	ACKNOWLEDGMENTS  
	REFERENCES  

