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Vitamin D signaling is believed to be transduced by
heterodimeric receptor complex that binds to spe-

ific sequences of DNA termed vitamin D response
lements (VDREs) in the promoter regions of target
enes. However, recent studies have suggested that
onsiderable flexibility exists in the types of binding
ites the vitamin D receptor (VDR) is capable of rec-
gnizing, including some that bind VDR homodimers.
n this report, a screening method involving immuno-
election and PCR amplification was utilized to exam-
ne genomic binding sites for the receptor. Four indi-
idual fragments ranging in size from ca. 250–320 bp
ere nominally isolated from the amplified pool of

aptured fragments for further analysis. Each of the
our sequences was capable of forming specific,
nique VDR complexes using recombinant human
DR (rhVDR) alone or rhVDR heteromers formed in
onjunction with the addition of recombinant human
etinoid X receptor a (rhRXRa). Two of these frag-
ents exhibited significant hormone-dependent re-

ression of luciferase activity when linked to a
hymidine kinase driven reporter vector. DNaseI foot-
rinting revealed specific binding over DR13 or re-

ated half-site sequences found within both of these
NA fragments. The results from this study demon-

trate that specific, functional binding sites for the
DR can be successfully isolated from genomic DNA
nd should aid in the discovery of genes regulated by
he steroid hormone. © 2001 Academic Press

Key Words: vitamin D; gene regulation; hormone re-
ponse element; genome.

The VDR is a member of the nuclear receptor super-
amily (NRI11) (1), and responds to the binding of the
ormone, 1,25-dihydroxyvitamin D3 (1,25(OH)2D3), by
ltering transcriptional events within the target cell
for review see (2)). Numerous target genes have been
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232. E-mail: njhosz0@pop.uky.edu.
188006-291X/01 $35.00
opyright © 2001 by Academic Press
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DR to DNA response elements. These VDREs largely
ollow a direct repeat motif with a three base-pair
pacing between the hexanucleotide half-sites (DR13).
he VDR also requires an accessory nuclear factor for
igh-affinity DNA–binding interactions, and members
f the RXR family have been identified that can act as
eterodimer partners with the VDR to promote such

nteractions (3, 4). However, several studies have re-
orted VDREs that do not adhere to the DR13 motif,
nd include inverted palindromes, direct repeats with
reater than three base-pair spacing and even single
alf-sites (5–9). Thus, the heterogeneity that exists in
unctional DNA-binding sites may reflect the diversity
f responses inherent in different cell types in terms of
he expression and interaction with other transcription
actors or comodulators. This also implies that identi-
ying VDREs in the human genome by computational

ethods that focus on a DR13 motif may reveal only a
raction of the potential binding sites used by the re-
eptor to modulate target gene expression.
At least one DR13 VDRE, isolated from the murine

steopontin gene, can bind VDR dimeric complexes in
he absence of an added accessory factor (10, 11). Bind-
ng site selection analysis using short degenerate oli-
onucleotides also indicated that homodimers of VDR
ould specifically recognize an analogous DR13 type of
equence (12, 13). Addition of VDR and RXR proteins
o binding reactions with these DNA sequences results
n heterodimeric complexes that are distinct from the
omodimeric entities. Takeshita et al. demonstrated
hat VDR homodimers were stabilized by interactions
ith coactivator proteins and observed increased tran-

criptional responses in their presence (14). However,
ther studies have shown that VDR alone failed to
roduce significant amounts of reporter activities from
OP VDRE-driven reporters, while the combination of
DR and RXR proteins yielded strong, positive
ormone-induced transcriptional responses (15, 16).
In addition to the mOP VDRE, various other DNA

lements have been described that appear to bind the



VDR in the absence of an accessory factor (7, 9, 17–19).
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ost of these sites were identified in the course of
efining the hormone’s effects on a particular target
ene. Sakoda et al. used recombinant VDR expressed
n Escherichia coli together with a filter binding selec-
ion process to identify a rat genomic DNA sequence
hat bound VDR alone and could positively respond to
ormones by increasing transcription of a reporter
ene (20). The present study was undertaken to deter-
ine the feasibility of screening genomic DNA for func-

ional VDR binding sites using the recombinant hu-
an protein and an anti-VDR C-terminal antiserum

hat specifically recognizes liganded VDR homodimers
ound to DNA (21). Because of the readily apparent
eterogeneity in VDR binding sites, and the potential
o discover response elements that function with the
DR alone, the screen utilized only rhVDR in the se-

ection process. Results are presented from four se-
uences that were evaluated in detail following their
solation from the pool of recovered rat genomic DNA
ragments.

ATERIALS AND METHODS

General. Restriction and DNA-labeling enzymes were purchased
rom New England Biolabs (Beverly, MA). g-32P-ATP (6000 Ci/mmol)
nd a32P-dATP (3000 Ci/mmol) were purchased from Dupont NEN
esearch Products (Wilmington, DE). Radioactive probes for EMSA
ere generated by fill-in labeling reactions using Klenow fragment
nd a-32P-dATP. Radioactive probes for DNaseI footprinting were
enerated by end-labeling reactions using T4 polynucleotide kinase
nd g-32P-ATP. Rat genomic DNA, Advantage Genomic Polymerase
ix and pT-Adv cloning vector were purchased from Clontech (Palo
lto, CA). The Tf1 polymerase and DNaseI were purchased from
romega (Madison, WI). Protein A/G affinity matrix was purchased

rom Pierce (Rockford, IL). Spreadex-800 gels were purchased from
mresco (Solon, OH). PCR reactions were performed in an Ericomp
owerBlock I thermal cycler in 0.2 ml tubes.

Isolation of binding sites. A binding reaction containing 150 mM
Cl, 20 mM Tris (pH 7.5), 1.5 mM EDTA, 2 mM DTT, 5% glycerol,
.5% Chaps, 10 mM NaF, 100 mM Na3VO4, 12 mg dIdC, 0.5 mM
eupeptin, and 250 nM 1,25(OH)2D3 in a 240 ml volume was assem-
led. Ten microliters of rhVDR extract were added and incubated at
°C for 30 min. After this time, rat genomic DNA (8 mg), digested
ith the combination of AvaII, EcoRI, HindIII, and XhoI restriction
nzymes, was added to the mixture and incubation continued at 4°C
or 30 min. Subsequently, 5 ml of Ab195, an antiserum raised against
he C-terminal portion of the rat VDR (21), was added to the sample
nd the incubation continued at 4°C for 1 h. Protein A/G slurry was
hen added and mixed intermittently at 4°C for 75 min. The slurry
as pelleted at 3000g for 3 min and the resulting pellet washed five

imes with 150 mM buffered KCl solution. The DNA was recovered
y resuspending the pellet in TE/0.2% SDS and warming to 55°C for
5 min. The material was pelleted at 3000g for 3 min and the
upernatant was transferred to a clean tube, treated with proteinase

at 50°C for 20 min, and extracted one time with phenol/chloroform
1:1). The DNA was precipitated, washed, dried, and treated with Tf1
olymerase at 72°C for 20 min. Following recovery of precipitated
NA, the sample was reconstituted in ligation buffer containing the
T-Adv cloning vector. Following transformation of the ligated prod-
cts, the E. coli cells were batch grown overnight in liquid culture
nd plasmid DNA recovered. The plasmid DNA population was di-
ested with HindIII/XhoI to liberate the insert sequences together
189
cation. The oligonucleotides utilized for PCR amplification of the
enomic inserts were 59 TAGTAACGGCCGCCAGTGTGCT and 59
GGCCGCCAGTGTGATGGATAT. The digested plasmid DNA was

hen used in a DNA-binding reaction with rhVDR as outlined above.
ollowing proteinase K treatment and phenol extraction, the pel-

eted DNA was resuspended in 10 ml of water and 5 ml was used for
CR amplification (94°C/4 s, 68°C/3 min, 32 cycles). Following am-
lification, the rhVDR immunoselection/PCR procedure was re-
eated an additional two times using the newly amplified material in
ach successive round.
To isolate individual PCR fragments for further analysis, an ali-

uot of the amplified DNA was separated through a Spreadex-800
el at 200 V for 3 h in TAE buffer. Individual gel plugs were obtained
nd PCR-amplified directly using the primers and conditions indi-
ated above.

Electrophoretic mobility shift assays. Briefly, the standard-
inding buffer consisted of 120 mM KCl, 20 mM Tris (pH 7.5), 1.5
M EDTA, 2 mM DTT, 5% glycerol, 0.5% Chaps, 10 mM NaF, 100
M Na3VO4, 1 mg dIdC, 0.5 mM leupeptin, and 250 nM 1.25(OH)2D3.
ll samples were incubated at 4°C. Cytosols of recombinant protein
xtracts were diluted 1:50 in KTEDG buffer (400 mM KCl, 20 mM
ris (pH 7.5), 1 mM EDTA, 2 mM DTT, and 10% glycerol) prior to
se. For rhVDR binding, 2 ml of diluted extract were used in a 20 ml
nal volume. In the case of combined rhVDR/rhRXRa binding, the
mount of diluted rhVDR cytosol was reduced to 1 ml and supple-
ented with the addition of 1 ml of similarly diluted rhRXRa cytosol.
ollowing 30 min in this buffer to allow for hormone binding, the
adiolabeled probe was added and the incubation continued for an
dditional 30 min. The samples were then applied to cooled, prerun
% polyacrylamide gels (29:1) in 0.5 X TBE buffer and electrophore-
is initiated at 14 V/cm for 3.5 h. Gels were transferred, dried, and
utoradiography performed.
The procedure for evaluation of the antisera with complexes of the

hVDR was described in detail previously (21). After allowing the
xtracts to incubate in the buffer with ligand at 4°C for 30 min, the
ntiserum or control serum (1 ml each) was added and incubation
ontinued for another 30 min period. After this time the radiolabeled
robe was added and the incubation continued for an additional 30
in prior to loading onto the gel. Cold competition binding reactions
ere carried out using the chicken vitellogenin II estrogen response
lement (cVitII ERE) (59 GATCCCTGGTCAGCGTGACCGGAG) or
urine osteopontin (mOP) VDRE (59 CTAGACAAGGTTCACGAG-
TTCACGTG) double-stranded oligonucleotides.

DNaseI footprinting. Binding reactions for the mobility shift as-
ays were assembled as described above. Either buffer or increasing
mounts (2, 4, or 6 ml) of diluted rhVDR/rhRXRa mixture were added
o the binding reactions and allowed to incubate at 4°C for 30 min.
he single end-labeled DNA fragments (25,000 cpm) were mixed
ith the binding mixtures and incubation continued at 4°C for 30
in. Samples were then brought to 22°C and a Mg/CaCl2 mixture

dded to final concentrations of 10 mM/5 mM, respectively. Diluted
NaseI was added and incubation continued at 22°C for 2 min.
amples were immediately extracted with phenol/chloroform (1:1)
nd the radiolabeled DNA precipitated from the aqueous phase by
ddition of sodium acetate and ethanol. Following centrifugation and
ashing of the DNA pellets with 75% ethanol, the samples were
ried in a rotary evaporator and resuspended in a loading buffer.
amples were separated through 6% sequencing gels, dried, and
utoradiography performed. Positions of footprint regions were de-
ermined by comparison to guanine chemical sequencing of the ra-
iolabeled probes.

Transient transfection analysis. Opossum kidney (OK) cells were
btained from American Type Culture Collection (CRL-1840). Cells
ere maintained in Dulbecco’s modified Eagle media/F-12 (1:1)
ith 10% charcoal-stripped fetal bovine serum containing penicillin

100 U/ml) and streptomycin (100 mg/ml) at 37°C. Cells were plated



in triplicate in 24-well plates, transfected with the appropriate 195-
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.2/tk-Luc construct (100 ng), CMV-b-galactosidase expression vec-
or (50 ng) and carrier plasmid DNA (250 ng) using lipofectamine.
ells were treated with or without 100 nM 1,25-(OH)2D3 for 48 h,
arvested and lysates prepared. Luciferase activity was determined
nd normalized with respect to the values for b-galactosidase enzy-
atic activity.

ESULTS

The strategy employed to isolate VDR binding sites
rom genomic DNA was as follows. Briefly, rat genomic
NA was cleaved by restriction enzyme digestion to
roduce a distribution of DNA fragments with an av-
rage size of ca. 1000 bp (data not shown). This mate-
ial was then used in a DNA binding reaction with
rotein extracts of rhVDR in the presence of hormone.
ollowing this binding reaction, an antiserum directed
gainst the C-terminal region of the VDR was added to
he samples and the immunoglobulin–receptor–DNA
omplexes isolated by affinity chromatography. The
ecovered DNA was then subcloned into a plasmid
ector and, following transformation of E. coli and re-
overy of the plasmids, the DNA fragments were re-
eased with restriction enzymes utilized previously to
nitially digest the genomic material. Thus, these re-
eased fragments contained short sequences of DNA, or
arms,” from the cloning vector that permitted PCR
rimers to be used for amplification of recovered DNA.
he DNA was then subjected to three additional
ounds of selection, recovery and PCR amplification, by
hich time there was no discernible change in the
attern of recovered DNA fragments by agarose gel
lectrophoresis following the second and third rounds
f selection (data not shown).
The recovered DNA fragments from the third round

f selection were separated by gel electrophoresis and a
umber of amplified products were observed (Fig. 1A).
ubsequent experiments focused on the four fragments

ndicated in Fig. 1A solely because their smaller size
ended them to the rapid generation of radiolabeled
robes for use in examining specific binding interac-
ions in EMSA, footprinting, and DNA sequence anal-
sis. Gel plugs were obtained and these samples ream-
lified by PCR, which indicated that single bands of the
ppropriate size were recovered (data not shown).
In an initial attempt to ascertain if these sequences

epresented specific binding sites, each of the amplified
roducts was used as a cold competitor in EMSA ex-
eriments featuring the rhVDR homodimer complex.
he genomic screen was based on rhVDR binding to
NA sequences without the addition of an accessory

actor, so the initial evaluation focused on homodimer
inding to the mOP VDRE, an in vitro interaction
xtensively characterized in this laboratory as well as
y others (10, 11, 14, 15). As seen in Fig. 1B, binding by
he homodimer complex was completely eliminated by
400-fold molar excess of unlabeled mOP VDRE oligo-
190
ucleotide (lane 1), but was not disrupted by a 400-fold
xcess of an oligonucleotide competitor comprised of
he cVitII ERE (lane 2). Because of limitations on the
mounts of recovered, PCR-amplified material, and ac-
ounting for the relative increased size of these frag-
ents, it was only possible to achieve 40-fold molar

xcess amounts of each of the genomic sequences (lanes
–6). In all cases, these amounts of the amplified frag-
ents strongly diminished the observable binding by

he rhVDR homodimer complex, equivalent to the
mount of competition observed with a 40-fold excess of
he mOP oligonucleotide (lane 7). These results indi-
ated that these genomic fragments possessed se-
uence elements that could specifically inhibit binding
y the rhVDR homodimer complex.
The recovered fragments were then individually ra-

iolabeled and tested for the ability of each to form
pecific rhVDR complexes. Shown in Fig. 2 are the
MSA profiles obtained from binding of the recombi-
ant protein extracts to 195-2.2 (A) and 195-4.2 (B)
adiolabeled probes. In both cases, no binding was ob-
erved when Sf9 control extracts from uninfected cells
ere used in the binding reaction (lanes 1). Inclusion of
f9 cell-derived rhVDR in the binding buffer produced
single complex with 195-2.2, while two bands were

bserved with the 195-4.2 probe (lanes 2). These com-
lexes were not observed with the inclusion of a 400-
old molar excess of mOP VDRE oligonucleotide, while

400-fold excess of the cVitII ERE was unable to

FIG. 1. Gel analysis of amplified rat genomic DNA fragments.
A) Following three rounds of immunoselection/amplification the
roducts were separated on Spreadex-800 gels. Lane 1, mol. wt.
arkers; lane 2, PCR-amplified products. The four samples that
nderwent further analysis are indicated. (B) Cold competition in
obility shift assay for rhVDR homodimer binding to the radiola-

eled mOP VDRE. Specific complex is indicated by arrow. Lane 1,
00-fold excess of unlabeled mOP oligonucleotide; lane 2, 400-fold
xcess of cVitII ERE; lane 3, 40-fold excess PCR-amplified 195-1.2
ompetitor; lane 4, 40-fold excess 195-2.2 competitor; lane 5, 40-fold
xcess 195-3.2 competitor; lane 6, 40-fold excess 195-4.2 competitor;
ane 7, 40-fold excess mOP competitor.
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Vol. 283, No. 1, 2001 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
ffectively compete for binding complexes in either case
lanes 3 and 4). Complete supershifts were observed
hen the anti-VDR antiserum, Ab195, was included in

he binding reactions (lane 5), while normal rabbit
erum had no effect (lane 6). These experiments indi-
ated that rhVDR was capable of forming specific bind-
ng complexes with both of these genomic fragments.
nalogous results were obtained when the other two

ragments, 195-1.2 and 195-3.2, were radiolabeled and
sed in binding reactions with rhVDR-containing ex-
racts (data not shown).

Because of the propensity of the VDR to form high
ffinity heterodimeric DNA–binding complexes (4, 10,
5), the added presence of rhRXRa in the binding
uffer was evaluated for any effect on complexes that
ormed with these DNA fragments (Figs. 2A and 2B,
anes 7–9). New, more retarded complexes were readily
vident when both receptors were present relative to
he complexes observed with rhVDR alone in the bind-
ng sample (indicated by arrowheads). In addition,
ven more slowly migrating complexes of lesser inten-
ity were also evident with both radiolabeled probes.
nclusion of a 400-fold molar excess of the mOP VDRE
revented formation of all complexes with either radio-
abeled genomic fragment (lane 8), while the excess
VitII ERE was ineffective in competing for binding to
hese complexes (lane 9). Experiments that included
he anti-VDR antisera confirmed the presence of the
DR in these complexes, and analogous results were
btained with the other two genomic fragments (data

FIG. 2. EMSA to define specificity of rhVDR homomeric– and
hVDR/rhRXRa heteromeric–binding complexes to radiolabeled
95-2.2 and 195-4.2. (A) Complexes formed with radiolabeled 195-2.2
ragment: lane 1, Sf9 cell control extract; lane 2, rhVDR extract from
aculovirus-infected Sf9 cells; lane 3, rhVDR with 400-fold excess
old mOP VDRE; lane 4, rhVDR with 400-fold excess cold cVitII
RE; lane 5, rhVDR with Ab195 anti-VDR antiserum; lane 6, rhVDR
ith control rabbit serum; lane 7, combination of rhVDR/rhRXRa
xtracts; lane 8, rhVDR/rhRXRa with 400-fold cold mOP VDRE; lane
, rhVDR/rhRXRa with 400-fold cold cVitII ERE. (B) Radiolabeled
95-4.2 fragment was used with lane designations as described
bove. Positions of predominant homomeric (left side arrowheads)
nd heteromeric (right side arrowheads) in (A) and (B) are indicated.
191
ated that rhVDR-containing extracts alone could pro-
uce complexes with these sequences, the added pres-
nce of rhRXRa in the binding buffer generated new
omplexes of slower mobility that also exhibited spe-
ific DNA–binding interactions.
Sequence analysis of the four fragments using the
last 2.0 search program (22) indicated that 195-1.2
orresponded to rat satellite I DNA (GenBank V01570,

Value 8e-52), but also matched well with an EST
equence identified from rat PC12 cells (GenBank
32702, E Value 6e-41). The sequences of the other

hree fragments failed to yield a significant match with
ny of the queried databases. Based on this informa-
ion the transcriptional potential of each of the remain-
ng three unknown fragments was then evaluated in
ransient transfection assays. The genomic fragments
ere subcloned into a luciferase reporter vector driven
y the thymidine kinase promoter (tk-Luc), transfected
nto OK cells, and treated in the absence or presence of
itamin D. As seen in Fig. 3, fragment 195-3.2 pro-
uced a 41% decline in luciferase activity in response to
ormone. The clone containing 195-4.2 exhibited
igher basal levels of expression, but also produced a
epressive response (29% decline) in luciferase activity
ollowing the addition of hormone. The construct con-
aining 195-2.2 exhibited the weakest basal activity
nd failed to yield a significant response to hormone in
hese cells.

Based on the results from the transfection experi-
ents, DNaseI footprint analysis was utilized to fur-

her localize the potential binding sites on the 195-3.2
nd 195-4.2 fragments that could be attributed to the
bserved repressive response. The rhVDR/rhRXRa

FIG. 3. Transient transfection studies in OK cells. OK cells were
ransfected with 195-N.2 tk-luciferase reporter constructs and an
xpression vector for the b-galactosidase gene. Following transfec-
ion, cells were treated with either no hormone or 100 nM
,25(OH)2D3 for 48 h and analyzed for luciferase and b-galactosidase
nzyme activities. Average values are shown from treatments per-
ormed in triplicate wells and results are representative of three
ndependent experiments. The asterisk indicates P , 0.05.



c
m
b
h
p
o
c
1
s
(
f
(
p
(

D

s
i
e
m
m
a
w
r
t
l
a

screen genomic DNA for receptor-binding sites. Fol-
l
w
fi
t
i
i
3
s
g
m
i
i

b
a
v
f
t
f
t
d
D
h
o
G
s
a

p
i
a

p
b
r
S
o
e
f
s
b

Vol. 283, No. 1, 2001 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
omplex was utilized in this analysis because of the
uch stronger binding complexes observed in the mo-

ility shift analysis (Fig. 3), and the likelihood that
eterodimers constitute the active transcriptional com-
lex (16). Using increasing concentrations of a mixture
f rhVDR and rhRXRa-containing extracts resulted in
lear protected regions for both fragments (Fig. 4). The
95-3.2 fragment exhibited two footprint regions: a
trong region that covered approximately 30 base-pairs
bracket, P1) in conjunction with a smaller, weaker
ootprint region that was ca. 15 base-pairs in length
bracket, P2). Fragment 195-4.2 revealed a single foot-
rint region covering some 20–25 base-pairs in length
bracketed region, Fig. 4B).

ISCUSSION

Vitamin D has been shown to regulate the tran-
cription of a variety of gene products through direct
nteractions of the liganded VDR with DNA response
lements (2). Typically, this process involves treat-
ent of cells with a hormone, a differential screening
ethod to identify gene products whose transcripts

re altered in response to this treatment and then
orking back into the promoter or upstream DNA

egions to identify the putative VDRE responsible for
ransducing the hormone’s signal. The approach uti-
ized in the present study was to exploit the avail-
bility of both rhVDR and anti-VDR antisera to

FIG. 4. DNaseI footprints generated from rhVDR/rhRXRa com-
lexes. End-labeled 195-3.2 (A) or 195-4.2 (B) fragments were incu-
ated with buffer control (C) or increasing amounts of rhVDR/
hRXRa extracts (triangle) and then treated with DNaseI for 2 min.
amples were analyzed on 6% sequencing gels and relative positions
f footprints determined by a guanine sequence ladder (G). Brack-
ted areas indicate protected regions, including the two (P1 and P2)
ootprint areas observed for 195-3.2. Arrowheads denote hypersen-
itive cleavage sites observed upon addition of protein extracts to the
inding reaction.
192
owing their isolation, a subset of these sequences
as then analyzed in detail to determine the speci-
city of rhVDR binding and functional activity in
ransfection assays. All four sequences could specif-
cally bind rhVDR homomer or heteromer complexes
n EMSA. In transfection experiments both the 195-
.2 and 195-4.2 genomic fragments resulted in
trong, hormone-dependent repression of reporter
ene activity. Thus, using rat genomic DNA as a
odel, the experimental strategy was successful in

dentifying specific DNA-binding sites which exhib-
ted hormone-dependent transcriptional responses.

Comparison of the 195-3.2 binding site identified
y the footprint analysis with other VDREs associ-
ted with transrepression of target genes by the
itamin revealed some striking similarities. The
ootprint analysis of this fragment revealed two pro-
ected regions (Fig. 5A). The stronger of these two
ootprint regions encompassed a region that poten-
ially could be attributed to complex VDREs in two
ifferent orientations. The first possibility involves a
R13 sequence in association with an additional
alf-site located 59 from the DR13 to produce an
verlapping DR12/DR13 element, 59 GGTTCA TG
GGTAA CTC AGTTTA. The DR13 portion of the

equence is highly reminiscent of the proximal neg-
tive VDRE identified from the rat parathyroid

FIG. 5. Sequences of 195-3.2 (A) and 195-4.2 (B). The regions
rotected in the DNaseI footprint analysis are boxed. The dashed box
n (A) indicates the second weaker footprint region found in the
nalysis of 195-3.2.
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uence, 59 AGGTTA CTC AGTGAA (23). Alterna-
ively, a contiguous DR13/DR12 sequence can also
e proposed, GGTTCA TGG GGTAAC TC AGTTTA.
n this latter case the 59 DR13 is strikingly reminis-
ent of the more distal negative VDRE associated
ith the rat parathyroid hormone gene (24). Thus,

he strong similarities of either interpretation of this
omplex site with other known transrepressing
DREs suggest that these motifs may be more
idely used in the rat genome to confer vitamin
-dependent repression of target gene activity.
In addition, a second, weaker footprint region was

lso observed in the 195-3.2 fragment. A sole half-site
equence, 59 AGTTCA, was centered in this footprint
egion. It raises the possibilities that either this half-
ite functions independently to bind a single receptor
ubunit, or that it is linked to the aforementioned 59
istal half-site in the other footprint region to create a
ore widely spaced (116) direct repeat format (25) in

onjunction with the DR13.
The 195-4.2 footprint region contained a half-site, 59
GTTCA, that did not appear to be part of a DR13
lement (Fig. 5B). In a similar fashion, repression of
he human parathyroid hormone gene by vitamin D
ppears to be mediated by a similar single half-site
lement (8, 17). However, closer inspection of the op-
osite strand of 195-4.2 within the footprint region
evealed another half-site element, 59 AGGTTTG, thus
reating potential imperfect palindromes spaced by 2
r 3 base pairs.
Collectively, the footprint data indicated that the

ature of these DNA elements is complex. A DR13
otif was identified in 195-3.2 that was within the

ontext of an extended footprint covering other half-
ite sequences, and no DR13 was evident in the foot-
rint covered in fragment 195-4.2. Sequence analysis
lso indicated the presence of DR13 and isolated half-
ite motifs within the 195-1.2 and 195-2.2 fragments.
he DNaseI footprint analyses also revealed hypersen-
itive cleavage sites resulting from receptor binding
ither between the two footprint regions (195-3.2, Fig.
A) or immediately adjacent to the site (195-4.2, Fig.
B). Further studies will be required to pinpoint the
xact nucleotides contacted within the footprint re-
ions of the these fragments as well as determine the
elative affinities of these two sequences for VDR bind-
ng as compared to other known positive and negative
DREs. It should also be possible to design primers

rom these two different respective sites in order to
walk” the rat genome and identify nearby gene prod-
cts that may indeed be regulated by these putative
esponse elements.

The analysis involving just these four sequences
ailed to yield a DNA fragment unique for VDR ho-

omeric binding. Thus, eventhough the selection
trategy utilized only rhVDR in the binding reaction,
193
oth VDR homomers and heteromers, which is anal-
gous to the situation for the mOP VDRE (10, 11).
here are numerous, larger fragments (Fig. 1A, lane
) from the amplified pool of DNA that await further
nalysis and may yet reveal a sequence that is capa-
le of binding only VDR homomeric complexes.
The strategy outlined in this report should provide

nother means of identifying response elements that
re regulated by vitamin D. In particular, because it is
ased solely on avidity for DNA-binding, it is, as dem-
nstrated in these results, capable of identifying se-
uences that result in the repression of target gene
ctivity, an area that receives less attention than its
ounterpart. This technique should also be amenable
o higher throughput screening to quickly investigate
he transcriptional potential of captured DNA frag-
ents, and localize potential VDREs within those se-

uences. With the vast amounts of DNA sequence in-
ormation currently being deposited into the human
enome database it should also be possible to quickly
ssess the likelihood that a particular sequence cap-
ured by this method using human genomic material is
ndeed linked to nearby genes. Their specific regulation
s targets for action by the vitamin could then be
nvestigated more thoroughly using the appropriate in
itro or in vivo models.
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