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ABSTRACT The 5’ flanking region of the rat osteocalcin
gene has been shown to confer responsiveness to 1,25-
dihydroxyvitamin D3 [1,25(OH),Ds] after transfection of fusion
genes into ROS 17/2.8 cells. Deletion analysis has demon-
strated that there are at least two domains in this 5’ flanking
region that contribute to 1,25(OH),D; responsiveness; how-
ever, only the downstream region is able to confer 1,25(OH),D;
responsiveness to either the native osteocalcin promoter or to
a heterologous viral promoter (herpes simplex virus thymidine
kinase). The proximal region responsible for 1,25(0H),D;
induction of the rat osteocalcin gene lies 458 base pairs up-
stream from the transcription start site of this gene. A 25-
base-pair oligonucleotide corresponding to the sequences in this
region is able to confer 1,25(OH),D; responsiveness to the
thymidine kinase promoter in an orientation-independent fash-
ion. This sequence contains three copies of a short sequence
that are homologous to ‘‘half-sites’” of steroid response ele-
ments. Gel-retardation assays using porcine intestinal nuclear
extract as a rich source of 1,25(0OH),D; receptor demonstrated
retardation in the migration of probes containing the sequence
noted above. A monoclonal antibody directed against the
1,25(0OH),Dj; receptor caused further retardation in the migra-
tion of these protein-DNA complexes. Therefore, the sequences
represented in this oligonucleotide encompass the sequences
necessary for binding of the 1,25(0OH),D; receptor to DNA as
well as those sequences necessary for 1,25(OH),D; to induce
osteocalcin gene transcription.

The rat osteocalcin gene provides an excellent model for
studying the effect of 1,25-dihydroxyvitamin D; [1,25(0H),
Ds] on gene expression. Osteocalcin is a bone-specific pro-
tein (1) whose transcription is directly regulated by 1,25(0OH),
Ds (2-5). The gene encoding rat osteocalcin has been cloned
(2-4) and sequenced (3, 4). The availability of a cultured cell
line (ROS 17/2.8) (6) that expresses the gene in a 1,25(0OH),
Ds-responsive fashion (7) permits the study of the regulatory
elements of the rat osteocalcin gene in transient expression
experiments. Furthermore, this system will facilitate future
investigations aimed at examining how the 1,25(0OH),Ds;
receptor interacts with other tissue-specific and cellular
factors to modulate gene expression.

We have described (2) two regions in the 5’ flanking region
of the rat osteocalcin gene that contribute to its 1,25(OH),D5
responsiveness. A series of deletion mutants has enabled a
more precise localization of these sequences. The upstream
element alone is insufficient to confer 1,25(0OH),D; respon-
siveness to the native osteocalcin promoter or to a heterol-
ogous viral promoter. The more proximal element, however,
contains sequences that can bind the 1,25(OH),D; receptor
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and confer 1,25(OH),D; responsiveness to a heterologous
viral promoter.

MATERIALS AND METHODS

Synthesis of Chloramphenicol Acetyltransferase (CAT) Con-
structs. The plasmid POC, (CAT (2), which contains 1750
base pairs (bp) of the 5’ flanking region of the osteocalcin
gene was linearized with Sma I and subjected to a series of
BAL-31 (New England Biolabs) deletions from the 5’ end.
The fragment containing the remaining 5’ flanking region and
the CAT gene was excised with BamHI, blunt-ended, and
subcloned into Hincll-cut alkaline phosphatase-treated
pUC18. Further deletions were carried out in a similar
fashion with the constructs containing 848 and 522 bp up-
stream from the transcription start site. Restriction fragments
were blunt-ended and subcloned into Sac I cut blunt-ended
POC,;CAT (2).

For experiments using a heterologous viral promoter,
oligonucleotides were inserted into the BamHI site of
pUTKAT3 (8) (a kind gift from David Moore, Massachusetts
General Hospital, Boston). Oligonucleotides were synthe-
sized (on an Applied Biosystems model 380A synthesizer)
corresponding to sequences of interest, with the addition of
nucleotides on either end that would permit subcloning into
the intact BamHI site of pUTKAT3.

Cell Culture and Transfections. ROS 17/2.8 cells. were
maintained in Ham’s F-12 medium with L-glutamine
(GIBCO) supplemented with 10% (vol/vol) fetal bovine se-
rum, penicillin, and streptomycin. Transfections and quan-
titations of CAT activity were performed as described (2).
Each osteocalcin-CAT fusion gene was cotransfected with a
control plasmid containing the human growth hormone gene
under the control of the Rous sarcoma virus promoter (9).
Radioimmunoassays of the human growth hormone (Nichols,
San Juan Capistrano, CA) secreted into the medium demon-
strated the 1,25(OH),D; independence of the secretion of
human growth hormone. Growth hormone measurements in
the medium of 1,25(0OH),D;-stimulated and control transfec-
tions did not vary by more than 11%.

Gel-Retardation Assays. Restriction fragments and oligo-
nucleotides of interest were labeled by filling-in recessed
ends with the large fragment of DNA polymerase I and
[a->?P]dATP (New England Nuclear). Porcine intestinal nu-
clear extracts were prepared as described (10). Nuclear
extract was preincubated with 1 uM 1,25(0OH),Ds for 15 min
at 22°C. Poly(dI-dC)-poly(dI-dC) (Pharmacia) was then added
at a concentration of 0.27 ug/ug of extract protein in a buffer
containing 155 mM KCI, 5 mM dithiothreitol, 0.75 mM

Abbreviations: 1,25(0H),D;, 1,25-dihydroxyvitamin Dj; CAT,
chloramphenicol acetyltransferase; HSV-tk, herpes simplex virus
thymidine kinase; DR, D response.
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EDTA, and 50 mM Tris*HCI (pH 7.4) for an additional 15 min.
Subsequently, the probe was added (in 0.05 vol) for an
additional 15 min and then 3 ug (in 0.1 vol) of either
nonspecific immunoglobulin or antibody directed against the
1,25(0H),D; receptor (11) was added to the incubation mix-
ture. In competition experiments, the excess of unlabeled
competitor DNA was added prior to the probe. The mixture
was brought to 10% (vol/vol) glycerol and electrophoresed
on a 4% polyacrylamide gel in 2.5% glycerol/190 mM gly-
cine/1 mM EDTA /25 mM Tris-HCI, pH 8.5at7 V/cm at 4°C.

DNA Sequencing. All DNA sequencing was carried out by
the dideoxynucleotide chain-termination method after sub-
cloning into M13 vectors (12).

RESULTS

Localization of the 1,25(OH),D; response element by BAL-
31 deletional analysis is depicted in Fig. 1. Numbers on the
left side of each line represent the location of the 5" end
relative to the start site of transcription of the osteocalcin
gene (4). Relative stimulation represents induction in re-
sponse to 10 nM 1,25(0OH),D;. Each determination repre-
sents the mean of three independent transfections; similar
data was reproduced on at least three occasions. It is appar-
ent that there are two regions that substantially influence
responsiveness to 1,25(0H),Ds. Removal of the first region
between positions —1186 and —1094 dampened the response
from 6.0-fold to 1.4-fold. Removal of the region between
positions —1094 and —522 incrementally restored respon-
siveness. Deletion of the second region between positions
—509 and —428 resulted in total abolition of 1,25(0OH),Ds
responsiveness. To further explore this region, a series of
oligonucleotides corresponding to these sequences was con-
structed and examined for functional activity and ability to
bind to the 1,25(0OH),Ds receptor.

The sequences of these oligonucleotides are shown in Fig.
2 and Table 1. Data in Table 1 indicate the ability of each
oligonucleotide to stimulate a heterologous promoter, herpes
simplex virus thymidine kinase (HSV-tk), in response to 10
nM 1,25(0OH),Ds;. Each arrow represents one copy of the
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oligonucleotide, and the direction of the arrow indicates the
orientation of the oligonucleotide with respect to the pro-
moter. As is evident from this table, a single copy of a 55-bp
oligonucleotide, 1D;, was able to confer substantial 1,25-
(OH),D; responsiveness to the heterologous HSV-tk pro-
moter in an orientation-independent manner. Multiple copies
were able to further enhance 1,25(OH),D; stimulation. Two
other oligonucleotides, 4D; and 9D;, were able to signifi-
cantly enhance transcription in response to 1,25(0OH),D;.
Comparison of the sequences common to these three oligo-
nucleotides revealed the presence of three similar short
motifs, two of which form an imperfect palindrome with the
third. These sequences, called D-response (DR) motifs sub-
sequently, are highlighted at the top of Fig. 2. Furthermore,
M1-1Dj3, an oligonucleotide corresponding to the sequences
in 1D; but including two mutations at the 5’ ends of the
second and third DR motifs was nonfunctional. The same
mutations in 9Ds, represented by M1-9D;, also rendered this
oligonucleotide nonfunctional. Another mutant, M2-9Dj, in-
volving the first two bases in the first and third DR motifs was
nonfunctional as well. Oligonucleotides 2D; and 8D3, which
contain the first and part of the second DR motif, were only
partially functionally active. As well, 5D;, which only lacks
the first two bases of the first DR motif, was inactive, even
in multiple copies. Therefore, both the first and the third
intact DR motifs were necessary to confer 1,25(0H),Ds
responsiveness to the HSV-tk promoter.

To establish that these DR motifs are binding to the
1,25(0H),D; receptor, gel-retardation experiments were un-
dertaken. Results of these experiments are depicted in Fig. 3.
Fig. 3A, lane 1 shows two major bands of retarded mobility
(arrows) seen with the addition of porcine intestinal nuclear
extract. The migration of both these bands was further
retarded by the addition of XVIE10B6AS5 (11), a monoclonal
antibody directed against the porcine 1,25(OH),D; receptor
(lane 2). Addition of VIIID8C12, a monoclonal antibody
directed against the DN A-binding domain of the 1,25(OH),D;
receptor, caused a decrease in the intensity of these bands,
presumably by competing with the DNA probe for
1,25(0OH),D; receptor binding (lane 3). The addition of non-
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FiG. 1.

Deletional analysis of the 5’ flanking region of the osteocalcin gene. A series of 5" BAL-31 deletions of POCCAT, which contains

approximately 2950 bp of the 5’ regulatory region fused to CAT is shown. Numbers on the left of each deletion represent the 5" end of the DNA

sequence relative to the transcription start site of the osteocalcin gene.



Biochemistry: Demay et al.

Proc. Natl. Acad. Sci. USA 87 (1990) 371

CACCCTTCTCCCCACTGGATGAGCGGAGCTGCCCTGCACTGGGTGAATGAGGACATTACTGACCGCTCCTTCCTGGGGTTTGGCTCCTGCTCTC
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FiG.2. Rat osteocalcin gene oligonucleotides. (Upper) Rat osteocalcin gene sequence from position —496 to position —403. Short lines over
the sequence and boldface letters indicate the DR motifs. (Lower) Extents of the various oligonucleotides. M1-1D3, M1-9D3, and M2-9D3 contain

mutations in the DR motifs, indicated by the use of lowercase letters.

specific mouse immunoglobulin did not have any effect on the
migration of the DNA-receptor complex (lane 4). Identical
results were obtained using the 25-bp oligonucleotide 9D; as
aprobe (Fig. 3B). The presence of two 1,25(0OH),D; receptor-
dependent bands may represent the binding of different
numbers of receptors to the oligonucleotides or the binding of

Table 1. Relative stimulation of CAT activity in response to
1,25(OH),D;

Oligo- Sequence No. copies and Relative
nucleotide positions orientation stimulation

1D; —458 to —403 — 5.2
- 7.4
- 6.0
e 8.1
2D, —496 to —444 — 1.8
4D; —473 to —433 e 2.8
SDs —453 to —428 —>—— 1.3
6D; —438 to —413 S 0.9
7D; —428 to —403 — 1.1
8D; —466 to —444 —— 1.9
9D; —458 to —433 — 2.1
e 5.0
M1-1D; 1D3; mutant — 1.1
« 0.9
M1-9D; 9D; mutant ——— 1.1
M2-9D, 9D; mutant N 0.9

Oligonucleotides ligated upstream to the HSV-tk promoter are
indicated. Sequence positions from the 5’ flanking region of the rat
osteocalcin gene represented in each oligonucleotide are indicated.
The number of arrows represents the copy number of each oligonu-
cleotide and the direction of the arrows shows the orientation of the
oligonucleotide(s) relative to the promoter. Relative stimulation of
CAT activity in response to 10 nM 1,25(0H),Ds is shown. See Fig.
2 for the sequences of the mutant oligonucleotides.

the 1,25(OH),D; receptor alone (lower band) and with an-
other protein (upper band). When 2D; was used as a probe,
a band of different mobility was seen that was not affected by
the presence of these antibodies (Fig. 3C). The effects of the
antibodies are, therefore, specific.

To demonstrate that the interactions of 1D; and 9D; with
the 1,25(0OH),D; receptor are sequence-specific, competition
experiments with unlabeled oligonucleotides were performed
(Fig. 4). Addition of a 100-fold excess of 1D; prevented

A B C
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F1G. 3. Band-shift analysis using monoclonal antibodies to the
1,25(0H),Ds receptor. (A) Gel retardation using 1D; as a probe.
Nuclear extract was added to the 1D; probe (lane 1). A monoclonal
antibody directed against the 1,25(OH),D; receptor (XVIE10B6A5)
was added to the nuclear extract and 1D; (lane 2). Antibody directed
against the DNA-binding domain of the 1,25(OH).D; receptor
(VIIID8C12) was added to the extract and 1D; (lane 3). Nonspecific
mouse 1gG was added to extract and 1D; (lane 4). Arrows indicate
the two major bands. (B) Gel retardation using 9Ds as a probe. Lanes
1-4 are as in A. (C) Gel retardation using 2Ds as a probe. Lanes 1-4
are as in A.

12 34 2 3 4
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FiG. 4. Band-shift analysis using unlabeled oligonucleotides as competitors of binding to labeled 1D;. Lane P represents 1D; probe alone.
Lane C represents the control lane that contains probe and nuclear extract. The remaining lanes demonstrate the effects of addition of 10- or
100-fold excess (first and second lane of each pair, respectively) of the unlabeled oligonucleotide indicated above each pair of lanes.

binding of the 1D; probe to the receptor. In contrast, M1-1D;
did not interrupt binding of 1Ds to the 1,25(OH),Ds receptor,
demonstrating that the mutations in this sequence render it
nonfunctional by preventing binding of the*1,25(0OH),D;
receptor. Inhibition of binding was seen as well with addition
of 100-fold excess of the two functional oligonucleotides, 4D5
and 9D;. A 100-fold excess of the 9D; mutants, M1-9D; and
M2-9D;, was also unable to block 1D; binding of the
1,25(OH),D5 receptor. Oligonucleotides missing the three
DR motifs, 2D;, 5Ds, 6D3, 7D;, and 8Ds, were likewise unable
to prevent protein binding of 1D;. It should be noted,
however, that when 2D; was used as a radioactive probe (Fig.
3C), afaint lower band comigrated with the major 1,25(OH)--
Ds receptor-containing band in Fig. 34 and B. This faint band
disappeared with the addition of monoclonal antibodies to the
1,25(0OH),D; receptor. This result suggests that 2Dz contains
low-affinity binding sites for the 1,25(OH),Ds receptor.

As can be seen in Fig. 5, the bands generated by
1,25(0OH),D; receptor binding of 1D; and 9D comigrate. In
a similar fashion to 1D; (lanes 1 and 2), 100-fold excess of
unlabeled 9D; prevented labeled 9D; from binding to the
1,25(0OH),D; receptor (lanes 4 and 5). The mutants of 9D;,
M1-9D; and M2-9Ds, when present in a 100-fold excess, were
unable to prevent the formation of a 1,25(OH),D; receptor—

1 2 3 4 5 6 7

FiGg. 5. Comigration of protein-DNA complexes using 1D3 and
9D; as probes. Each lane contains pig intestinal nuclear extract with
labeled 1D3 (lanes 1-3) or labeled 9D; (lanes 4-7). Lanes: 1, no
further addition; 2, 100-fold excess unlabeled 1D added; 3, 100-fold
excess unlabeled M1-1D5 added; 4, no further addition; 5, 100-fold
excess unlabeled 9D; added; 6, 100-fold excess unlabeled M1-9D;
added; 7, 100-fold excess unlabeled M2-9D; added.

9D; complex (lanes 6 and 7). It is, therefore, apparent that the
oligonucleotides that are able to bind to the 1,25(OH),D;
receptor, as assessed by the gel-retardation assays, are the
same as those that are able to confer 1,25(OH),D; respon-
siveness to a heterologous viral promoter. The three DR
motifs common to these oligonucleotides, therefore, repre-
sent the proximal 1,25(OH),D; response element of the rat
osteocalcin gene.

DISCUSSION

The proximal sequences responsible for the 1,25(OH),D;
induction of the rat osteocalcin gene lie 458 bp upstream from
the transcription start site of this gene. It is of note, however,
that further addition of sequences 5’ to this element result in
a progressive dampening of 1,25(OH),D; induction from
6.0-fold at position —522 down to 1.4-fold at position —1094.
Addition of another 92 bp to this construct totally restores
1,25(OH),D; responsiveness. The 656-bp fragment from po-
sition —1094 to position —1750, however, is unable to confer
responsiveness to the native osteocalcin promoter (Fig. 1) or
to a heterologous viral promoter (data not shown). The role
of this region in osteocalcin gene transcription remains to be
elucidated. It is possible that these sequences exert their
effect by binding factors that inhibit the binding or subse-
quent effects of negative factors that interact with the se-
quences from position —522 to position —1094. Alternatively,
this region may contain amplifiers of 1,25(OH),D5 respon-
siveness that can overcome the effect of the inhibitory factors
simply by augmenting 1,25(OH),D; responsiveness.

The proximal sequences, containing three DR motifs lo-
cated between positions —458 and —433, confer substantial
1,25(0OH),D; responsiveness to a heterologous viral pro-
moter. The oligonucleotide SDs, which lacks only the first
two bases of the first DR motif, is neither able to bind the
1,25(OH),D; receptor nor able to restore 1,25(0OH),D; re-
sponsiveness. The oligonucleotides 2D; and 8D; are partially
functionally active. They contain the first and part of the
second DR motifs. These sequences contain the rat homo-
logue of the 1,25(OH),D; response element in the human
osteocalcin gene (5). It is of note, however, that the proposed
first half-palindrome of the human gene is poorly conserved
in the rat sequence. Like the sequences in the human gene,
these rat sequences are able to confer 1.8-fold 1,25(OH),D;
responsiveness. As shown in Fig. 3C, these sequences may
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contain low-affinity binding sites for the 1,25(OH),D; recep-
tor.

Although 4D; and 9D; contain all three DR motifs and bind
to the 1,25(0OH),D; receptor, they do not confer as much
responsiveness as does 1D;. These oligonucleotides end
precisely after the third DR motif and may, therefore, ex-
clude crucial residues required for optimal activity. This
hypothesis is particularly plausible since other steroid re-
sponse elements contain six bases, one more than can be
identified in the osteocalcin DR motifs. The exclusion of a
poorly conserved sixth base from 4D; and 9D; may explain
their relatively weak activity. Alternatively, the binding of
other transcription factors to downstream sequences in 1D;
may permit the full transcriptional effects of 1,25(OH),Ds
receptor binding.

The sequences represented in the first DR motif of the rat
1,25(0OH),D; response element (GGTGA) are found repeated
in the human osteocalcin gene (GGTGAcTCACCgGGTGA)
(uppercase letters represent residues included in the DR
motif). The proposed 1,25(0OH),D; response element in the
human osteocalcin gene (5) begins with the fourth residue in
this sequence (GACTCAccggTGAACG). Mutational analy-
sis of the proposed rat and human response elements will be
required to define the precise nucleotides that confer respon-
siveness to 1,25(OH),D; in each of these genes.

The probable requirement of three DR motifs for receptor
binding differs from the requirement of other response ele-
ments in the steroid/thyroid receptor superfamily, except for
that of the thyroid response element (TRE). It has been
shown that the thyroid response element in the rat growth
hormone gene encompasses three half-sites and that the
presence of all three is required for maximal triiodothyronine
responsiveness (13). Comparison of the base pairs repre-
sented in the rat osteocalcin 1,25(0OH),D; response element
to those in other hormone response elements reveals a
GGTCA motif in the estrogen response element of the
vitellogenin genes (14) and a GGT(C/A)A motif in the rat
growth hormone thyroid response element (13). It is evident
that, allowing for a few mismatches and variation in spacing
between the half-sites, there is a high degree of homology
among these sequences. The spacing between these half-sites
or the number of half-sites involved may play an important
role in the specificity of the interaction of the steroid recep-

Proc. Natl. Acad. Sci. USA 87 (1990) 373

tors with their hormone response elements. Extensive mu-
tational analysis, DNase protection, and methylation inter-
ference studies will permit more precise assessment of which
base pairs included in and adjacent to the DR motifs of the rat
1,25(OH),D; response element are intimately involved in
1,25(0OH),D; receptor binding and function. Experiments
using the native rat osteocalcin promoter in conjunction with
the 1,25(0OH),D; response element should allow the exami-
nation of the interaction of the 1,25(OH),D; response element
with other sequences in the complex series of interactions
that contribute to the regulation of osteocalcin gene expres-
sion.
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